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Active participation in the learning process enhance students’ critical thinking and problemsolving skills. We implemented peer-focused, active learning, recitation sessions with the largeenrollment sections for General Chemistry I courses at Mississippi State University (MSState)
over a period of four semesters beginning in Spring 2016. The peer-focused recitation program
was a success improving student final (standardized ACS) exam scores, pass/fail rates for the
course, and continuation on to General Chemistry II (CH 1223) courses. Peer-focused
collaborative learning and students possessing ownership over their learning significantly
enhanced academic outcomes of our program.
Worked-example effect is the best known and apparently the most effective cognitive load
reducing technique. We incorporated a modified version of worked examples, employing
“incorrect worked examples” and studied the impact of incorrect worked examples vs correct
worked examples. We hypothesized that looking for errors in incorrect worked examples would
achieve greater attention and would prompt students to actively engage on calculation steps than
correct worked examples. Eye-tracking results showed that incorrect worked example format was
effective at obtaining student attention and engaging students actively on calculation steps. Survey

results showed that incorrect worked example format inspired students’ motivation and enhanced
student engagement and attentiveness to examine the worked examples intensively. This research
provided insights on student focus while reading and learning chemistry worked examples, and
opened new avenues for supporting online learning and usage of tablet PC in the learning process.
Laboratory experiments provide students the opportunity to obtain hands-on experience on
laboratory techniques and instrumentation. We created a biochemistry laboratory course (CH4990)
for third-year chemistry major undergraduate students at Mississippi State University. I wrote the
biochemistry lab manual consisting of eleven experiments, which involved protein and DNA
extraction, ion-exchange chromatography, UV/vis spectroscopy, SDS PAGE electrophoresis, and
enzyme kinetics experiments. A new laboratory experiment was incorporated which allowed
students exposure to peptide sequencing and proteomics experiments in conjunction with mass
spectrometry. The CH4990 biochemistry lab course is open for enrollment in Fall semesters since
Fall 2018.
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CHAPTER I
INTRODUCTION
1.1

Learning theory
The learning process includes gaining new or improving current knowledge, skills, or

experiences. For many years, theoretical models have been applied as the basis for making
assumptions, educational research, and subsequent applications for educational development.1–3
Learning theories may not function as to explain design issues, but ideally, theories provide
meaning, guidance, and propensity to develop novel instructional models. In the absence of
theories, there is no consistent standard of evaluation to differentiate between success and
failure, high- and low- performance, positive and negative results.2,4 Thus, the use of theoretical
models and appropriate employment of those frameworks in the academic setting permit
instructional designers and educators to successfully construct and present instruction to address
common learning difficulties. Three learning theories namely; behaviorism, cognitivism, and
constructivism are frequently discussed and implemented in schools, institutions, and universities
to enhance learning outcomes.2–5
The concept of "behaviorism" was first introduced by John Watson in the early twentieth
century. Behaviorism theory discusses only the objectively visible behaviors and solely
disregards personal feelings, opinions, internal mental conditions, or consciousness. It implies
learning as nothing more than attaining a new behavior based on external stimuli such as
rewards, goals, or punishments.1,4,5 Often, behavioral learning strategies are functional models
1

with guided instructions evaluating performance in progressive units.1,2 In behaviorists’ view,
because knowledge is strictly directed, or mapped on to the students, less responsibility is put on
the student for learning. Thus, students do not achieve a deep understanding of the learning
material.1 Cooper et. al have argued that behavioral strategies and the systematized structures
they build especially benefit low-performing students rather than high-performing students.5
Whereas behaviorist models of learning focus on student responses or actions, it is also
important to investigate how students think and make decisions.4 The key to perceiving various
processes connected with thinking is to first consider mental functioning of the student.
Cognitive learning theory advocated by educational psychologist, Jean Piaget examines the
nature of cognitive or mental processes and how they can be affected by both internal and
external aspects in order to influence students' conceptual understanding of concepts. His theory
is based on the assumption of cognitivism; “the prevailing knowledge structure, which is called
schema, strongly influences acquisition and process of new information.”1,3,6 Cognitivists believe
that successful learning results through a combination of multiple active cognitive processes,
improved conceptual frameworks, and skills. During the instructional design process,
cognitivism prompts instructional designers and educators to concentrate on the learner while
behaviorism models focus on environmental stimuli.1,3
Piaget’s theory of cognitive development and Lev Vygotsky’s theory emphasizing the
significance of sociocultural learning contribute to the concept, “constructivism”.3,6,7
Constructivism is considered as the philosophy of education. It is mainly focused on how
learners construct their own knowledge based on prior experiences. Social constructivism
encourages learners to solidify their impressions through interactions with surroundings or
society.1,4,5 In order to create an effective teaching method, it is believed that subject matter
2

should be related to students’ experiences because linkage of new information with student’s
current knowledge supports them to absorb and understand new material with less effort.8 In
contrast to the formerly established theories where the instructor holds the responsibility while
the learner performs a passive role, social constructivism promotes the active participation of the
learner in the educational process.1,5
1.2

Metacognition

Vygotsky 1962 describes two stages in learning: 1) automated, unconditioned acquisition of
knowledge, 2) deliberate manipulation of that knowledge progressively.7,9 The difference
between these two stages explains the variance between cognition and metacognition.10
Metacognition can be defined as the consciousness, awareness, manipulation, and suitable
applications of the knowledge.4,11 In simple words, metacognition is "cognition about cognition",
"thinking about thinking", or "knowing about knowing". Besides reading and memorizing
concepts, it is important to monitor and evaluate ongoing performance on almost any learning
task, which could be writing a paper, solving problems, or learning science theories.10,12
Student metacognition is associated with many skills such as planning, memory, thought,
practical testing, control of knowledge, and evaluation.12–14 The ability to monitor one’s own
learning directs students to identify what they do not understand and thereby resolve their
confusion, for example by re-reading or asking a teacher or peer for help. If a student cannot
accurately distinguish well-learned information from little or not-learned information, he or she
would waste time learning already solid concepts and fail to re-examine the concepts that have
not yet been understood satisfactorily.13 Insights into one’s own understanding is crucial for
building a thorough understanding of ideas. Essentially, awareness and the student’s ability to
monitor the acquired knowledge have been shown to have a notable influence on problem3

solving skills.11,15 Only the learners who are able to accurately evaluate their learning can obtain
the full profit of metacognitive monitoring while learning.16
Along with subject matter, metacognitive skills should be practiced explicitly to
maximize learning benefits. Metacognition is believed to be the key to developing strong, more
practical, long-lasting, and more functional learning.12,13 These positive outcomes of
metacognition support this field as an important branch of research, and its implications to
education continuously grow. The development of metacognitive skills is especially important
for science and mathematics students to develop their scientific inquiry as they work on research
projects.11,15 Self-regulatory activities may encourage students to explore, observe, and inquire
about science.17 On the other hand, a keen awareness of their own knowledge enables students to
recognize when their ideas are not compatible or cannot be applied with data or conceptions
presented by others. Students with high levels of metacognitive skills tend to correct their
erroneous ideas in accordance with contradictory experimental results.14 Thus, self-monitoring of
one’s own understanding of new theories supports effective learning.18
1.3

Problem-solving and critical thinking skills

The changing needs of the 21st-century call for future citizens to go beyond algorithmic,
lower-order cognitive skills to achieve higher-order thinking skills, such as critical thinking and
problem-solving. Development of students’ critical thinking and problem-solving skills are
extremely important for post-secondary education as well as for student’s future career.19–21 “It is
possible to store the mind with a million facts and still be entirely uneducated,” states Alec
Bourne. Rather than holding trivial knowledge or information, the ability to think critically and
creatively leads students to analyze and solve problems more logically.19 Therefore, it is
particularly important to interact with higher-order cognitive skills within classroom learning.
4

Higher-order thinking has been defined in terms of three concepts: 1) the student's
capacity to apply knowledge and skills to new situations, 2) critical thinking, 3) learning with
understanding and problem-solving. Supporting students to practice and promote higher-order
thinking would prepare them to deal with social, scientific, and practical problems and make
reasonable conclusions from provided information.22,23 Research studies suggest that failure to
develop particular thinking skills may limit students in successful learning.19,20 Thus, it is highly
desirable to incorporate strategies which promote student higher-order cognition of critical
thinking and problem-solving into the curricula and pedagogies in schools, universities, and
institutes..
Certainly lower-order cognitive abilities can be achieved with only a small level of
knowledge, in contrast the proper use of intelligence and development of higher-order cognitive
skills require a strong understanding.20,22,23 Researchers and educators insist that traditional
teaching strategies should be reformed from simply repeating or performing particular tasks to
other strategies which support higher-order thinking.24 Over the past decades, a large effort has
been made to promote students' critical-thinking skills by expanding student active engagement
in the learning process.25 Students commonly struggle at performing higher-order skills.26 They
would rather wish to have direct, undemanding questions or algorithmic problems that require
little effort as opposed to challenging questions that require systematic thinking and strategic
plans. Many textbook chapter-end exercises include problems that can be solved by replacing
values into a memorized formula. Then students simply practice following the worked examples
or given equations and study hard to memorize formulas and algorithms for problem-solving
instead of manipulating learned concepts reasonably.8,11,16 Working on such plug-and-chug
exercises does not give a deep understanding of learning concepts and would not encourage
5

students to develop the talents they need to adapt to new situations or solve problems in the real
life.27
Explicitly, instructors can support student learning through questions and activities..28
The ability of students to identify main issues, ask questions, make arguments, analyze facts or
information, and make appropriate decisions lead to the development of strong critical thinking
skills.25,28 A carefully designed set of instructions will compel students to explore concepts,
communicate their perspectives and information with each other, and make coherent
conclusions.23,25 Integration of questions encouraging critical thought gives large benefits for
learning especially because critical thinking questions help students understand how new
situations can be identified and approached, how their knowledge can be used to analyze new
issues and how to address problems appropriately. Direct questions within an assignment are
challenging and aimed at a particular student to bring out what he or she learned. Non-direct
questions make a whole class think on a common issue and any student can attempt to answer,
thus ideas and discussion can be shared. Open questions, also known as divergent questions,
make students think widely on a topic and may have more than one possible answer, although
some can be more reasonable than others. Open questions guide learners to generalize the
theories learned and identify their relevance and usability.8 Tasking to find answers or solutions
for varied questions will inspire students to seek additional information and when learners find
answers on their own, they have been shown to understand more, retain longer, and hold more
positive feelings towards the course, lecture material, instructor, and the overall learning
process.20,28
To be productive not only in the learning process but also in their personal lives, an
individual must be able to solve problems and make decisions. Problem-solving involves
6

analysis, processing, interpretation, employment of effective strategies, and incorporation of
concepts learned earlier.21,25 Educators argue that though many students can set up the right
answer to a problem, only few can elucidate the method of problem-solving. If instructors help
students to build answers on their own, by explaining the process to resolve problems rather than
admitting the answer, students will develop a deeper understanding and be able to face new
problems or situations with more confidence. In order to strengthen student critical thinking and
problem-solving skills, the focus should be moved from the answer to the methodology and
students should be encouraged to discuss problem-solving strategies to find appropriate solutions
with the instructor as well as with peers.8
1.4

Bloom’s taxonomy

Educators prompt to integrate higher-order thinking techniques into curricula to facilitate
meaningful, effective, and transferable knowledge in students. Successful learning should be
assessed in terms of how students apply their knowledge in different circumstances rather than
simply remembering bulk information.29,30 Methodical use of hierarchical models could be a
productive approach to scaffold student learning to accomplish this aim.30–32 Bloom’s taxonomy
has been credited as one of the most extensively cited education models in American
education.33,34 Bloom’s taxonomy is composed of six classification levels moving from simple to
more complex, namely knowledge, comprehension, application, analysis, synthesis, and
evaluation. The top three categories (analysis, synthesis, and evaluation) often reinforce higherorder thinking, which is important not only for learning but also, for overall quality of life and
future professions (Figure 1.1).5

7

Creating
Evaluating

Analyzing
Applying
Understanding
Remembering
Figure 1.1

Bloom’s taxonomy.

Bloom's taxonomy is most widely accepted as an effective teaching tool because it
provides direction to employ concepts of higher-order thinking productively in the classroom and
also, plans classroom questioning and discussion time to develop particular higher-order thinking
skills while explicitly teaching key concepts in each subject area.31,32,35 A number of different
classroom activities can be incorporated into the learning process to improve student
performance at each Bloom’s level.31,32 For instance, the bottom three levels mainly depend on
memorization that can be developed by student’s reading, using flashcards and mnemonics.8 In
order to attain the top three levels, it is important to engage in group activities as well as
individual tasks.31 Bloom’s taxonomy also emphasizes the importance of student-centered
classroom activities which develop student self-assessments and a higher level of
responsibilities.35

8

Literature reports successful implementation of Bloom’s taxonomy as an educational
model in lecture, laboratory, or workshop with small, medium or large number of students.29,35,36
The success of a course design relies on the alignment of classroom activities and assessment
tests with learning objectives.29 Bloom’s taxonomy can be incorporated not only as an effective
instructional tool to enhance student learning but also, as an assessment tool to evaluate student
performance.30,37 Because students are programmed to perform well on tests, exam questions
measuring student cognitive skills will strongly and directly affect students’ study habits. Even if
course activities promote higher-order cognitive skills, student attempts to understand at higher
levels will gradually decrease if assignment or test questions are entirely fact-based. Likewise, if
student tests and assignments question about deep conceptual understanding, but classroom
discussions are simply based only on fundamental information, students fail to perform
satisfactorily on the exam, and they lose inspiration and interest for learning. Thus, it is
important to pay attention to both testing and teaching strategies to reach the best quality of
student learning.32,37 Bloom’s taxonomy is a commonly used tool as it provides rubrics to
evaluate student test performances30 and produces a set of coherent, meaningful questions
assessing each and every cognitive level38 while suggesting effective course design.35

1.5

Memory skills

Bloom’s taxonomy explains that achievement of higher-order thinking is based upon lowerorder thinking skills such as the ability to understand and recall the information. In other words,
before one can think critically one must “know” or “remember” the information first.39–41
Memory is solely based on learning as it is essentially absorbing information by the process of
learning. Learning is also based on memory, because the knowledge is developed by connecting
9

new experiences with information stored in the memory. Access to previous experiences allows
learners to make better current decisions. With more extensive prior understanding, learners can
bridge new information easier and faster to promote meaningful learning.41

Memory is necessarily important for all learning because it involves recording, storing,
recalling, and retrieving relevant knowledge from the materials learned. The process of
memorization is tightly associated with the amount of time consciousness, and brain capacity and
is incorporated in operating cognitive functions.42 Neurologists evince that a brain can process
sensory information, activate specific connections in the brain, and produce a novel
understanding at the moment that an individual experiences or observes something happening
around him or her. That sort of produced memory is employed for reasoning and responding
suitably to situations.43
Successful learning results from a conglomerate of memory systems. Rote memory is a
learning technique based on the continuous repetition of information. The downside of rote
memory is that it does not support long-term retention of information. Replacing rote memory by
more productive learning approaches, for instance, meaningful learning, associative learning, and
active learning and also, encouraging students to employ more effective types of memory storage
and recall will rigorously improve their brains.41,42 Whereas working memory can store a limited
amount of information for a certain amount of time, long-term memory (LTM) stores a vast
amount of knowledge for subsequent retrieval.43 Rather a bunch of rote learned particulars, the
constituents in the long-term memory are elaborated frameworks and essential for deep
understanding, reasoning, and problem-solving. Those frameworks or schemas construct the
knowledge base.42,44 Educators suggest that by stimulating different schema with new
10

information, a more extensive network of information is created in the brain allowing students to
retrieve that memory whenever needed. Feeding the brain with new information by more than
one mode of a cue, for instance, attending to a lecture, reading a textbook, and watching a video
or a visual representation on the same topic offers three different schemes to understand new
concepts. Using different aspects root and sustain strong memory networks and therefore,
reinforce long-term memory storage and retrieval.42,43
Knowledge can be defined as a representation of collected information in long-term
memory. “Knowing” or “knowing how to do” means learners are able to access and activate the
particular network of information stored in the brain, then use the activated sense to achieve
targets, solve problems, or update current understanding.41 The active participation with learned
concepts through solving problems, activities, assignments, or experiments allow students to
identify connections and create linkages between subject matter.44
1.6

Instructional scaffolding
In the academic arena, the concept “scaffolding” demonstrates a process of designing or

introducing a systematic method for performing a task or solving a problem while providing
guidance as needed.45,46 In the late 1950s, the scaffolding theory was originally proposed by
a cognitive psychologist, Jerome Bruner. According to his theory, guidance at the appropriate
stage in the learning process results in a higher chance for autonomous knowledge
acquisition.47,48 Holton and Clarke 2006 claims that the scaffolding practice enables learners to
achieve goals that would be hard or impossible to achieve otherwise.45
Scaffolding theory is interconnected with Vygotsky’s concept of ‘the zone of proximal
development (ZPD)’. The ZPD is defined as the domain between the learners’ own capability
level and the achievement level that they could reach with assistance from a teacher or a peer.49
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Over the teaching process, the quantity of support should be adapted corresponding to the
learner's potential level of performance. Learners need more assistance if they are having
difficulty with a certain task and progressively less support when they have perceived the task.
Learning instructions designed to incorporate the scaffolding approach along with the ZPD
allows students to acquire new knowledge by expanding current understanding through the
layers of support offered.47,50
Furthermore, research studies show that scaffolded learning improves students’
metacognition by allowing them to correlate information.45 The use of flexible instructional
scaffolds motivates students to develop a self-spirited, independent, and student-centered
learning environment.49 In addition, scaffolding learning prompts group discussions and builds a
sense of community among students. Performing on a common task allows learners to play
different roles as a part of a community of learners.51 A research study conducted by Huang and
et al found significant enhancements in active involvement and supportive interactions within
scaffolded groups compared to the non-scaffolded group.46
1.7

Worked examples
In the late 1980s, cognitive load theory was proposed by John Sweller out of the results

observed from a research study on problem-solving. His theory provides a framework to
reinforce learning new concepts or information strategically in order to receive the best or most
effective use from cognitive processes.52 He also offers a wide range of experimentally
determined implications to be applied in instructional design, specifically ways to lower the
cognitive load while learning. Educational designers can limit unnecessary cognitive load by
designing instructional materials which do not include problem-solving for instance, worked12

examples and goal-free problems can be employed as alternative instructional methods.53–55
Research studies evince the worked example effect as the best known and apparently the most
effective cognitive load reducing technique.52,56
Cognitive load is differentiated into three types; intrinsic, extraneous, and germane.
Intrinsic cognitive load refers to the effort associated with a certain issue. Intrinsic cognitive load
can be based upon the difficulty of the problem presented, the style of presentation, or the level
of complexity. Extraneous cognitive load is about how information or tasks are explained to a
learner. Complicated instructions or steps can add to the extraneous cognitive load separate from
the problem being solved. Germane cognitive load is about construction of schema and retention
of knowledge. The germane load a student experiences is based off learners developing selfexplanations for use in subsequent problems.52,57
A number of research studies have discussed the effectiveness of worked-examples as an
instructional tool.55,57–59 Worked examples support the development of cognitive skills through
introducing a formulated problem, solution steps, and the final solution.53 Sweller and Cooper
researched the use of worked examples against traditional problem-solving strategies. They
discovered that students who learned algebra with worked examples performed better compared
to the students who actively solved problems.58 Their results recommended worked examples to
be an effective alternative for conventional problems in schema acquisition.60,61 Intrinsically,
schema acquisition enables learners to identify problems and problem conditions and to employ
appropriate schema to develop solutions resulting in better performance in problem-solving.44,54
However, it is important to note that the benefits of incorporating worked examples in the
learning process fade out with increasing expertise. This phenomenon is termed the expertise
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reversal effect. Also, worked examples are constrained for limited types of problems or
calculations with routine solution structures and may show only one single correct approach.
Another drawback of the example system is that students might not learn how to transfer
knowledge into novel circumstances where a customized solution must be manipulated.
Actually, the lightened cognitive load with worked examples enhances student performance not
only on identical problems but also on new problems not touched by a schema attained
before.44,54 These limitations of the conventional worked examples call for processing of
modified worked examples to further increase learning benefits and reinforce the ability to meet
novel situations that need deep understanding.54,56
1.7.1

Developing effective worked examples

Over the last years, worked examples have been implemented in varying ways to increase
their effectiveness.52,54,59 Association of texts and figures into the worked examples has been
shown to lower the extraneous cognitive load as well as overcome the split-attention effect.54 It is
believed that one example may not be adequate to support improved student understanding. It
implies that the incorporation of a series of worked examples may result in an influential
improvement among the students compared to a single example. Two or more examples, where
the second or later examples can be more complicated and advanced than the first one, are
supportive to develop understanding and transfer knowledge.56,58,59
Pillay (1994) followed cognitive load theory and experimented efficacy of using modified
versions of worked examples on teaching orthographic projection. He increased the quality of
traditional worked example style by using a set of intermediate steps representing threedimension to the two-dimension rotation. His results suggested that orthographic projection can
14

be understood well and comfortably using worked examples with a set of intermediate steps
compared to the traditional examples with no intermediates.62
An important but rarely discussed issue with a worked example approach is how to facilitate
the transition from knowledge acquisition through examples to resolving new problems on their
own in the future.44,58 As a solution, Renkl (2005) described a transition process consisting of a
sequence of faded examples. First the entire solution is presented. Second, a similarly structured
example is presented but, one single step is faded out encouraging the learner to identify and
solve the missed step. Third, within the identical structure of examples, the number of missing
steps is increased gradually. This approach allows a smooth transition from example review to
completing missed steps to incomplete examples and ultimately solving the entire problem on
their own.53,63 Further, he suggested that the effectiveness of faded examples can be increased by
encouraging self-explanations.56
Worked examples have been studied more comprehensively looking for more improvements
in instructional designs. Better learning outcomes can be obtained by structuring examples into
subsections either with or without a title but, distinctly separate from each other. A likewise
subcategorized structure can help learners to identify the significance of each section or step in
problem-solving. The structural cues may improve comprehension by permitting learners to
discover the purpose or function of multiple sections in a solution and explain how a series of
steps should be connected to develop a final answer. Emphasizing the meaning of each step in
examples apparently assists the construction of schemas.59
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1.8

Social constructivism
According to the theory of social constructivism, individuals develop knowledge through

interactions with their society. The founding father of social constructivism, Lev Vygotsky
believed constructivism is an essential part of learning.1,6 “Knowledge is to be shared, rather than
experienced individually.”6 Substantially, sharing ideas create opportunities to acquire new
knowledge or expand existing knowledge.3,64 For example, the progress of science is driven from
healthy effective exchange of knowledge among scientists studying similar areas of research.65

In order to integrate social constructivism theories into classroom learning, teachers and
instructors change their role from “teaching” to “facilitating learning”. Students should be tasked
to solve open-ended questions, think creatively, and engage actively in the problem-solving
process. This practice inspires the learner to inquire, investigate, and come up with either
supporting or conflicting perspectives. Contradictions between the learner’s current knowledge
and experiences build an imbalance. Essentially, contradictions need to be addressed, negotiated,
and clarified. A good constructivist teacher observes that imbalance of ideas promotes learning
by driving learners to appraise their thoughts and then to consider new ideas.8

Implementing social constructivist approaches in education, students must gain practice
to come up with their own questions, make own hypotheses, analyze, and evaluate their ideas for
validity.47,50 A number of research studies have discovered that increasing student meetings to
talk with one another and share ideas improve their power of thinking, reasoning skills, and
ability to debate persuasively and respectfully. The creation of a classroom which prompts
cognitive sharing, collaboration, and social interactions support all students in the learning
process.1,2,5
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Research studies demonstrate the importance of developing a community bringing students
together in teams.65–67 Maintaining social interactions is important, predominantly for first-year
undergraduate courses such as General Chemistry, because these students struggle with
challenging gateway courses while adapting to the demands of college.1,2,5 Sharing experiences,
perceptions, and concerns with colleagues can function as an inspiration, encouragement, and
support for effective learning of material. . The lack of community, which is one of the
hardships that the majority of students usually experience in their freshman year, can be resolved
by assigning group work to perform together.67,68 It is observed that assistance received from
peers serves more effectively on student progress than the guidance provided by a faculty
member.69 Further, the literature argues that knowledge sharing is particularly beneficial for
female, untraditional, or underrepresented students because team working environment breaks
isolating and competitive feelings that students may suffer.21,68 The social interactions create a
community of learners and offer the support needed for students to move forward successfully.
1.9

Peer-led team learning
Multiple small group learning tasks, either collaborative, cooperative, or peer-led

learning strategies are increasingly popular within university courses to support student learning.
These learning practices allow students to work together within small groups to achieve a
common task, become responsible for their learning, and reinforce learned concepts.24 Peer-led
team learning can be explained in terms of cognitive science with reference to social
constructivism and concepts presented by Vygotsky.3,10
Peer-led team learning (PLTL) was first originated in the early 1990s at the City College
of New York to support low-performing General Chemistry students.70 Results at City College of
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New York and other multiple research studies focused on peer instruction have demonstrated
enhanced student performance and attitudes in General Chemistry and other courses. 69–73
Discussions, sharing ideas, and support from peers help students reach targets that would
otherwise be impossible. Wilbert McKeachie (1984) claims that students achieve higher
cognitive tasks during discussions than during lectures.74 Identically, Johnson and Johnson
(1986) discovered that cooperative teams achieve higher-order thinking and retain information
longer compared to the students who work alone. His results suggested that engaging in small
group activities offers an opportunity for students to be involved in discussions, actively
participate in the learning process, take responsibility of own learning, and thus develop to be
critical thinkers.64
Research studies further reveal several learning benefits that students may obtain through
group discussions. Primarily they allow students to share, verify, and broaden their knowledge
thereby building a strong foundation of what they have learned. Active exchange of ideas with
peers results in enhancement of student confidence, self-motivation, self-efficacy, collaborative
skills, problem-solving capabilities, interest among the participants, critical thought, and
inspiration to pursue goals.71–74 Satisfactory support from an instructor encourages students to
explore and accomplish tasks independently. Correspondingly the success of one student
prompts the success of other students. Students who share knowledge, complement, and support
each other’s skills are more likely to obtain better results and accomplish targets faster and easier
than those who work quietly as individuals.69,74
Additionally, peer-led teams enable more students to be involved in the learning process
in the classroom. For instance, if there are ten teams in the classroom, ten conversations on a
single matter, or different matters, can take place simultaneously. It creates a more dynamic and
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constructive classroom setting where more students actively occupy the course material
compared to the traditional classroom where one person presents one idea at a time.66,75 After a
number of group discussions, the most valid, sensible perspective is confirmed by the team to
present to the entire class. Multiple group learning enables the instructor to work interactively
with a large number of students because students play both roles as learners and as teachers, thus
the instructor can supervise and assist ten discussions concomitantly.8
1.10

Recitation learning
In academia, recitation is studied and incorporated in different formats based on the

subject, institute, department, course expectations, lead instructor’s desire, and student aptitude.
Recitation can consist of short discussions of lecture material as well as different types of
activities to help students review and expand the knowledge obtained at the lecture.75,76 Because
recitation sections are generally small, they are more intimate, enabling students to connect with
instructors more closely to receive guidance and help which is presumably restricted in large
classroom settings.1,65,76 Educators argue that traditional lecture-based classrooms do not
generally allocate time for students to exchange ideas, especially if it is a large class with fifty or
more. Most of the instructors distressed about incorporating group work activities into large
classrooms are fearful that student discussions restrain the time which could be used to cover the
syllabus. It is challenging to balance delivering lecture content while also assisting student
discussions in the classroom particularly for instructors teaching wide-ranging courses, such as
general chemistry.65
Students often work together with peers in informal groups, more frequently groups of
friends, to complete homework assignments or study for exams. Nevertheless, it may not help all
the students because some of the students may not involve in a group.73Often when such groups
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are creating, students with same perceptions gather and therefore, might have the same
misconceptions. Because members in such corresponding groups may be restricted within a
narrow range of ideas they may not resolve common errors and doubts.65,73 In contrast, recitation
sessions provide students the opportunity to work together with a facilitator to become well
competent in subject matter and to build proficiency needed for success.8
In its most basic form, during recitation, a student is assigned to memorize and recite a
theory, instructions for problem-solving, or any kind of learning material to his or her
classmates. One of the key aspects of recitation learning contrary to the lecture classrooms is that
learners, not instructors are the active candidate. Learning, thinking, and retention are developed
when a student is actively participating in the learning process via exploring information rather
than by a passive intake of instructions through lectures and textbooks. Because theory and
concepts are covered in the lecture, recitation can be employed as a place to perform creative
activities or assignments supporting the goals of the course as a whole.76
Recitation activities should consist of challenging tasks for students to promote reasoning
and problem-solving skills with strategic questions involving assumptions, reducing the given
information, or adding extra data to bring out student significant thought. Comprehensive
problems associated with multiple sections can be incorporated to direct students to manipulate
and organize facts to merge concepts.8,65 In addition, recitation instructors can use context-rich
problems where the problem is presented as a short story in the context of a real-life experience
or a situation so that students practice recognizing the concept and key information first before
attempting execution. Corresponding creative problems may support the development of higherorder learning skills such as approximation, estimation, analysis, and interpretation resulting in
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enhanced essential processing abilities to relate subject matter to real-world scenarios and
student interest to learn.8,67
Some educational institutions use the term “recitation” for a teach-in demonstrated by
a recitation leader, either a teaching assistant or an instructor, under the supervision of a
senior faculty member as a supplement for course material. In that kind of recitation meeting, the
recitation leader often reviews the material taught in the lecture, makes conversations with
the students, discusses, and clarifies if there are any complications that students came up with
while learning concepts in the lecture.65,66 Basically, the main role of a recitation leader is to
facilitate students to become comfortable with the lecture content while not emphasizing group
work.
During the recitation group discussions, students come up with different ideas, attitudes,
views, thoughts, interpretations, and issues reinforcing or conflicting their current knowledge.
Thereby students receive an opportunity to clarify their contradictions or misconceptions, before
examination time.21,65,67 A successful recitation instructor will encourage questioning,
exploration of new information, and ultimately resolve students’ misunderstandings.
Subsequently, after the group discussions, the recitation groups present their findings to the class,
evaluate their work, discuss if there are any other possible pathways to perform the task, and
discuss how can they improve their work.8
Reviewing lecture material, developing and defending insights within groups create
greater expertise and retain information longer than learning alone and competitively.8,64,75 All
these multifaced benefits of recitation programs drive recitation learning as a pathway to enhance
student learning.
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CHAPTER II
IMPACT OF PEER FOCUSED RECITATION TO ENHANCE STUDENT SUCCESS IN
GENERAL CHEMISTRY
(Published in J. Chem. Educ. 2019, 96, 1600-1608)
2.1

Abstract
This study investigates the impact of peer-focused, active learning recitation sessions

with the large-enrollment sections of General Chemistry I courses at Mississippi State University
(MSState). Over a period of four semesters beginning in Spring 2016, recitation sessions were
implemented into the General Chemistry I (CH 1213) courses at MSState. In order to assess the
influence of the active learning instructional hour, we studied departmental final (standardized
ACS) exam scores, pass/fail rates for the course, and the success of students continuing on to
General Chemistry II (CH 1223) courses. Student attitudes toward the peer-focused recitation
program were surveyed. The peer-focused recitation program has supported improvement on the
standardized final, with students in peer-focused recitation program scoring 7.76 exam questions
(17.76 percentile points) higher than the no recitation control students. The rise of exam scores
with recitation learning impacted all students equally irrespective of gender, ethnicity, or math
competency level (as measured by math ACT score). In addition, student pass rates for CH 1213
significantly increased even though instructors greatly increased the rigor of the course. Students
had improved success in the second semester of General Chemistry, CH 1223, which may
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translate into academic confidence and continuation in STEM majors as a broader impact of the
recitation program.
2.2

Background and introduction
Active and collaborative learning, where students work together in small groups, have

shown to support student success in STEM fields.1–3 Literature and empirical studies highlight
the importance for students to build their own understanding rather than the instructor-centered,
“teaching by telling” traditional approach.1,2 Active learning and student-centered approaches
have been used to consistently support student academic success1,4–8 and enhance student
attitudes toward content.9 Active learning components encourage students to have ownership of
their learning and subsequently boost student confidence levels.10,11
The incorporation of students working in groups supports academic success with
improved learning and retention for chemistry and other STEM fields.12–14 Encouraging students
to communicate their logic and articulate their points of view when solving problems leads to
learning gains.3,15 Many universities now incorporate Supplemental Instruction (SI) with their
science courses to support peer interaction and small group learning.12,15,16 A downside to the SI
model though is that it is voluntary, which may translate into low participation from students.17,18
A crucial component for student success at the university level is that students feel
ownership over their learning. The ability to compensate for poor academic preparation through
motivation, a strong belief in their capacity for success and a desire to achieve goals is crucial for
students entering in to their first university courses.19 Many of our students at Mississippi State
University (MSState) come from backgrounds that did not fully support them to feel prepared for
General Chemistry I (CH 1213), and they find the level of rigor and expectation in the course
shocking. To support students at MSState, we have incorporated a peer-supported, small group
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classroom interaction (termed a peer-focused recitation hour) which encourages active student
interactions and supports students to feel ownership over their learning in the General Chemistry
I classroom. Peer-group discussions which encourage students to discuss homework content and
explain logic for the assigned problems allow students to gauge their level of content mastery20
and incorporation of quizzes within the recitation hour provides increased feedback for student
improvement.
General Chemistry I, CH 1213, at MSState acts as a gateway course for students entering
STEM majors and serves approximately 2000 students per year. As the first Chemistry course,
and often, the first rigorous course many students take at the university, CH 1213 often acts as a
“dream-crusher”. In order to retain and graduate more STEM majors on campus, these
researchers implemented a peer-focused, active learning recitation program with large
enrollment CH1213 courses. Student test scores at the American Chemical Society (ACS) first
semester General Chemistry final examination as well as the pass/fail rate for students in General
Chemistry I and II were used as measurements to evaluate the effects of this program. In this
study, we sought to answer the following research questions:
1. Does the peer-focused recitation hour influence student academic performance on the ACS
final standardized exam?
2. Does the peer-focused recitation hour influence pass/fail rates for General Chemistry I?
3. Do recitation Chemistry I students show increased retention into General Chemistry II
classes and/or increased grades in Chemistry II?
Student attitudes toward the recitation program were also tracked as part of the analysis.
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2.3

Course design
Students in General Chemistry I (CH 1213) at MSState are typically scheduled in large

lecture classes containing 200 to 420 students. All sections use the ACS General Chemistry
exam for the final exam and student scores are compared with national percentiles. The MSState
program strives to average at the 50% national percentile for the ACS exam, but in the years
2014 through 2016, our program showed student averages well below that national average
(ranging from 22.37 to 35.75 percentiles). As a result of poor student performance on the
standardized exam, the MSState Department of Chemistry experienced a trend where professors
teaching CH 1213 felt they needed to downgrade course content to support student learning on
the material. This resulted in a CH 1213 course that was not at appropriate content level and that
did not cover all necessary topics.
To address the poor student performance, a coordinated effort has been initiated in the
Department of Chemistry to improve rigor in course content while at the same time providing
enhanced student support. A three-semester pilot program was instituted in collaboration with
the MSState Provost, Registrar and A&S Dean to incorporate a 4th instructional hour (termed
“recitation”) for CH 1213 in Spring of 2016. After a review of efficacy for the Spring 2016
semester, the recitation hour format was adjusted and re-formulated for Fall 16 and future
semesters. The end-result is now an active-learning, content-focused recitation session that
emphasizes peer-interactions. The program has transitioned to permanent at MSState because of
improved student academic performance.
Students enrolled in the recitation pilot program attend large-enrollment lecture sections
with a variety of instructors. With initial launch, the fourth credit hour of instruction was
introduced for all students beginning in Spring 2016. In the recitation sections, class size was
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limited to 40 students with each class assigned a Graduate Teaching Assistant (GTA) instructor.
During the first semester of recitation (Spring 16), students were tasked to complete portions of
an assigned homework worksheet prior to the class meeting. The recitation time functioned as a
“help session” as time was spent to both review completed portions and finish the remainder
with instructor support. The class format changed after Spring 16 as we did not see increased
student performance with this working model. Spring 16, termed “instructor led recitation”, data
is treated separately in this analysis and serves as a second control for the extra hour of
instruction.
Recitation was re-designed in Fall 2016 to be active and peer-focused with students
working in small groups to review already completed assignments that practiced lecture
concepts. A typical class format spent the first 25 minutes of a 50-minute class with student
groups of 4 writing answers to assigned recitation homework worksheets on the board for class
review. All members of the group were encouraged to be at the board together to encourage peer
support and discussion for the assigned response. Each set of assigned worksheets covered
approximately one chapter of the textbook. As answers were detailed on the board, the GTA
instructor could confirm the accuracy of each response and discuss important concepts for the
answer reviewed. All students in class could verify their own homework answers from work on
the board and confirm their own knowledge. After review, the assigned recitation homework
“worksheets” were turned in by each student for grading. GTA grading of worksheets was
minimal and categorized as 3 pts (completed all questions and tried); 2 pts (tried partially or had
major errors); 1 pt. (didn’t finish but turned in assignment); or 0 pts (did not turn in assignment).
Types of teaching methods and their timeline are presented in Figure 2.1.
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Figure 2.1

Timeline for different teaching methods.

Additional questions could be posed by GTA instructors during the recitation hour.
Student groups competed against each other on the extra questions to see which groups could
answer correctly. The environment in a recitation section was designed to be continually active
for the first 35 minutes of class, and a well-run recitation class was loud and busy with 13 groups
of students all talking and discussing their chemistry worksheet assignments. Due to the timing
of class, it was impossible to review all questions of the recitation worksheets, therefore student
groups were often comparing and discussing answers with each other. The last 15 minutes of
class was used for an individual student quiz on assigned material with completed quizzes turned
in and graded.
An integral part of the recitation model was a free undergraduate tutoring center for
General Chemistry available for walk-in help approximately 30 hours per week. This tutoring
center was first implemented in Spring 2014 and has run each semester since. Students were able
to get support in completing recitation homework assignments prior to their section with more
in-depth help available. The academic tutoring center at MSState was staffed with both hired
undergraduate students that had successfully completed the General Chemistry series as well as
with GTAs that taught the recitation sections. Typical support in the tutoring center involved

33

students working in small groups on assignments with tutor support available for difficult
material.
2.4

Statistical analysis
Table 2.1 lists the general attributes of students in the recitation and control (traditional

lecture-based) sections. The demographics of the student populations were distinct between Fall
and Spring semesters and consistent when Spring and Fall sections were considered separately.
Fall semesters had higher math ACT means (range from 25.63 to 26.10) than Spring semesters
(range from 22.32 to 22.56). Students with a math ACT score of 24 or higher typically take CH
1213 in Fall of their freshman year and students with a math ACT score of less than 24 take the
same course in Spring after completing the pre-requisite College Algebra course.
The student performance in General Chemistry I was statistically analyzed to compare
recitation learning with the controls of Spring 2014 and Fall 2015, traditional lecture-based large
classrooms with no recitation hour. As the recitation format was modified from Spring 2016 to
Fall 2016, Spring 2016 data was treated separately. To probe the distinction between the three
teaching approaches, the three categories of peer-focused recitation (Fall 16, Spring 17, and Fall
17), instructor-led recitation (Spring 2016), and traditional lecture-based large classroom
learning (Fall 15 and Spring 14) were analyzed and compared.
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Table 2.1

Comparative demographic information for students in recitation and control
sections

Demographic Categories
and Variables

Female
Gender
Male
White
Ethnicity

African
American
Other
ethnicities
Freshman

Year in
School

Sophomore
Junior
Senior

STEM
Major
major
Status
Non-STEM
major
Major
undeclared
Math ACT mean score

Gen. Chem. Student Population, % (Number of Students) by Semester and
Year
Fall
Spring
Spring
Spring
Fall 2015
Fall 2016
2017
2014
2016
2017
51.9
(237)
48.1
(220)
69.8
(319)
24.1
(110)
6.1
(28)
30.2
(138)
49.5
(226)
12.7
(58)
7.7
(35)
60.8
(278)
25.8
(118)
13.3
(61)
22.56

53.1 (281)

52.5 (292)

41.7 (539)

46.1 (662)

46.9 (248)

47.5 (264)

58.3 (753)

53.9 (774)

63.5 (336)

62.1 (345)

78.6
(1015)

75.3 (1081)

28.7 (152)

32.0 (178)

14.5 (187)

16.4 (236)

7.7 (41)

6.0 (33)

7.0 (90)

8.4 (119)

43.3 (229)

22.3 (124)

72.4 (935)

59.1 (848)

40.6 (215)

61.3 (341)

16.0 (207)

31.0 (445)

12.1 (64)

9.4 (52)

8.4 (109)

7.2 (104)

4.0 (21)

7.0 (39)

3.2 (41)

2.7 (39)

60.5 (320)

64.2 (357)

77.6
(1003)

78.9 (1133)

25.5 (135)

23.2 (129)

16.2 (209)

14.9 (214)

14.0 (74)

12.6 (70)

6.2 (80)

6.2 (89)

22.38

22.32

25.63

25.88

39.6
(490)
60.4
(747)
77.5
(959)
14.3
(177)
10.3
(130)
58.9
(728)
32.2
(398)
6.5
(81)
2.4
(30)
83.0
(1027)
12.1
(150)
4.9
(60)
26.1

Student academic performance was evaluated using scores on the ACS standardized first
semester General Chemistry final exam as a measurement of students’ chemistry knowledge.
Student performance assessment included the raw ACS exam scores and the national percentiles
published by the ACS. The exams consist of 70 multiple choice questions with the number of
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questions correct on the exam counted as the raw final exam score. A one-way ANOVA was
used to evaluate the difference of student performance on final exam with the three teaching
approaches. Bonferroni post hoc test was conducted to isolate differences.
Additionally, students in treatment and control sections were grouped via their
racial/ethnic group, gender, and math ACT competency level to identify if any one group of
students benefitted over others. Math ACT competency levels were defined as low-performing
math ACT<24, mid-performing as math ACT= 24-26, and high-performing as math ACT>26.
These identified categories follow typical student success observed within our General
Chemistry I courses. Student ethnic groups were categorized into white, African American, and
“other” ethnicities where Asian, Hispanic or Latino, Hawaiian, American Indian, multiracial, and
all other ethnicities were counted collectively due to low individual sample sizes. Hierarchical
regression analysis was performed to test if the modification of teaching approach accounts for a
significant amount of variance in the final exam scores, after controlling the effect from those
general characteristics.
Addressing the 2nd and 3rd research questions, a Chi-Square statistic was used for testing
the influence of teaching approach on student final letter grade distribution in CH 1213 and CH
1223 courses. The final letter grades of A, B, and C were considered representation of students’
successful completion of General Chemistry courses, while the grades of D, F, and W were
representations of students’ unsuccessful achievements for the courses.
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2.5
2.5.1

Results and discussion
Enhancement of student academic performance on the ACS final standardized
exam
Figure 2.2a shows a comparison of ACS final exam mean scores (both raw scores and

national percentiles) over the semesters analyzed. Students in Fall semesters had substantially
higher scores for both treatment and control groups compared to Spring semesters, as lower Math
ACT score or “math weak” students were shifted into the Spring semester for CH 1213. More
importantly, descriptive results indicate that peer-focused recitation sections had a notable increase
in exam performance compared to designated control section (Spring 14 or Fall 15).
According to Bonferroni post hoc pair-wise comparison, students who learned with peerfocused recitation in Fall semesters (Fall 16 and Fall 17) had higher scores on the ACS final
exam than the students in their control group, Fall 15 (p<.001). Similarly, students in Spring 17
who learned with peer-focused recitation had higher scores on the final exam than students in
their control group, Spring 14 (p<.001). However, the scores from Spring 16, which incorporated
a 4th instructional hour but had a different format for recitation that did not emphasize
collaborative learning (designated as “instructor-led”), showed scores that did not differ
significantly from control Spring 14 (p=1.00).
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Figure 2.2

Comparison of students’ exam performance at the standardized ACS final exam.

Gray color patterned bar lines represent the final exam score averages for traditional lecturebased classrooms, yellow dotted bar line stands for instructor-led recitation learning, and red
striped bar lines represent treatment groups with peer-focused recitation learning. Error bars
indicate the standard errors of data sets. (top) shows each semester separately; (down) combines
Fall16 and Fall17 for further analysis.

In order to assess the difference between teaching methods semesters with similar
teaching formats were combined and analyzed using between samples ANOVA. Figure 2.2b
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shows a comparison of student final exam performance based on teaching approach. In Fall,
students that were enrolled in peer-focused recitation had a raw score average of 39.6 (±12.0) on
the ACS final exam (out of 70), while students in large enrollment lecture format classrooms
averaged 32.6 (±11.2). This means that on average students who experienced peer-focused
recitation answered 7 additional questions correctly (out of 70) than did students who did not
have recitation. This mean difference was statistically significant (p<.001) with a small-tomedium practical significance (r2= .03). In Spring semesters, students that were enrolled in peerfocused recitation had a raw score average of 31.2 (±9.4) on the ACS final exam (out of 70),
while students enrolled in instructor-led recitation averaged 27.6 (±9.3) and large enrollment
lecture format classrooms averaged 26.7 (±8.6). This mean difference was statistically significant
(p<.001) with a small practical significance (r2= .02). Bonferroni post hoc pair-wise comparison
indicated a statistically significant enhancement on student final exam performance with the
peer-focused recitation model compared to the other two teaching approaches.
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38.4 (49.7%, N=352)
37.7 (47.6%, 77)
45.1 (64.9%,
1288)
29.0 (2%, 334)

High- performing group
(math ACT >26)
Mid- performing group
(math ACT 24-26)

29.6 (28.50%, 97)
35.1 (41.3%, 794))
24.2 (16.5%, 373)
24.3 (17.0%, 289)
29.2 (27.6%, 719)

Low- performing group
(math ACT 14-23)
0.0

10.0
20.0
30.0
Student average exam score
Traditional lecture based teaching
Instructor led recitation

40.0

50.0

Peer-focused recitation

32.4 (35.2%, N=70)
25.1 (18.6%, 34)
38.5 (49.2%, 214)

Other ethnicities

25.3 (19.5%, 177)
23.8 (16.3%, 128)
30.7 (31.0%, 461)

African American

31.4 (33.0%, 812)
29.5 (28.6%, 301)
39.8 (52.4%, 2126)

White
0.0

10.0
20.0
30.0
Student average exam score
Traditional lecture based teaching
Instructor led recitation

40.0

50.0

Peer-focused recitation
31.8 (34.2%, N= 580)

Male

27.6 (24.7%, 248)
38.8 (50.0%, 1530)

28.8 (26.9%, 479)

Female

27.6 (24.4%, 281)
37.5 (47.0%, 1271)

0.0

10.0
20.0
30.0
Student average exam score
Traditional lecture based teaching
Instructor led recitation

Figure 2.3

40.0

50.0

Peer-focused recitation

Comparison of student exam performance in the peer-focused recitation program
with instructor led recitation program and traditional lecture based large classroom
learning, grouped by general attribute such as competency level as measured by
the math ACT score, ethnicity, and gender.

Exam performance is expressed as ACS standardized exam raw score (out of 70) with mean
national percentiles and presented in parentheses followed by number of students (N). Error bars
indicate the standard errors of data sets.
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Figure 2.3 summarizes the descriptive statistics of student performance on the ACS final
exam for identified demographic groups of math competency level (math ACT level), ethnicity,
and gender. Figure 2.3a shows final exam performance based on math ACT level. Students in all
competency levels improved performance with peer-led recitation. The mean difference of final
exam raw scores between peer-focused recitation and traditional lecture-based format was 6.7
(9.6%) for high performing students, 6.1 (8.7%) for mid-performing students, and 5.0 (7.0%) for
low-performing students. Figure 2.3b shows final ACS exam scores categorized by ethnicity.
Improvement in final exam mean with peer-focused recitation learning was an improved raw
score of 8.4 (12.0%) for white students, 5.4 (7.7%) for African American students, and 6.1
(8.7%) for students from all other ethnic groups when compared to the traditional classroom
approach as a control. Male students showed higher performance on final exam than female
students in both peer-focused recitation and traditional classroom learning (Figure 2.3c), while
both male and female students showed similar performance with instructor led recitation
instructions. However, both male and female students enhanced their final exam performance
with peer-focused recitation learning with mean differences of 7.0 (10.0%) and 8.7 (12.4%) for
male and female students respectively compared to the lecture based large classroom. The largest
positive impacts observed were for white and/or female students.
A hierarchical regression analysis was performed to examine if student general attributes
such as gender, ethnicity, and math competency level determine their academic performance
over the difference in teaching instructions. Student math competency level have significantly
influenced on student general chemistry exam performance (p< .001) and the competency level
explains 38% of variance in student exam performance. Not surprisingly, there was no
significant effect (p = .35) and no variance was explained (R2 change= 0) by gender and ethnicity
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towards the exam performance. More importantly, after controlling for competency level,
gender, and ethnicity, still the teaching approaches predictor variable produced statistically
significant results (p < .001) (Table 2.2). Therefore, the peer-focused recitation program
positively impacted all categories of students, despite differences in general characteristics of
math competency level, ethnicity, and gender.

Table 2.2

Hierarchical regression model of student exam performance in CH1213
2a

Variables
Step 1

R

2a

R

0.38g 0.38g

R2
changeb
0.00

Mathematics competency level
Step 2

0.38

0.38

0.00

Mathematics competency level

Bc

SEd

βe

–7.25

0.83

—

1.69

0.03

0.62

–7.72

0.99

—

tf
—
g

51.82
—

g

1.70

0.04

0.62

African American vs White

–0.03

0.43

0.00

–0.06

Other Ethnicities vs White
Gender

0.08
0.54

0.56
0.30

0.00
0.02

0.13
1.82

–2.45

0.99

—

Step 3

0.43g 0.43g

0.05g

Mathematics competency level
African American vs White
Other ethnicities vs White
Gender
Traditional lecture-based teaching vs peer-focused
recitation

46.67

—
g

1.57

0.04

0.58

44.10

–0.36
–0.11

0.41
0.54

–0.01
0.00

–0.89
–0.21

0.52

0.28

0.02

1.84

–6.03

0.33

–0.21g

–18.06

Instructor-led recitation vs peer-focused recitation
–5.44
0.47
–0.14
–11.50
b 2
R values express the amount of variance explained by the independent variables. R Change
values represent the additional variance in the dependent variables. cB is the unstandardized
coefficient. dβ is the standardized coefficient: values for each variable are converted to the same
scale so they can be compared. eSE is the standard error. fThe t values result from dividing the
estimated coefficient (B) by its own SE. If t < 2, then the independent variable does not belong to
the model. gStatistically significant at p < 0.001.
g

a 2
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2.5.2

Pass/fail rates in the General Chemistry I course
Evaluating the success of students completing the CH1213 course, Figure A.1 and Table

A.1 in the Appendix A present the final grade distribution and pass/fail rates respectively for each
semester. Similar to the ACS final exam scores, the final course grade distribution (as well as
pass/fail rates) was distinctly different between Fall and Spring semesters. Confirming the success
of the peer-focused recitation program, more students involved in peer-focused recitation sections
were successful in earning a “higher” grade compared to the students in control, and grades skewed
toward A’s. We did not find a measurement of higher grades in Spring semesters with recitation
instruction compared to the Spring 2014 control. It is important to note that the Spring 2014
instructor has stated that final grades were curved up as final exam performance was very poor
while Spring grades for Spring 16 and Spring 17 were not additionally curved. All sections of
recitation in this study used communal exams and standardized syllabus and grading policies so
that recitation sections were evaluated using identical grading policies.
Semesters with same teaching methods were combined and statistically analyzed using
Chi-square test to examine the influence of teaching approaches on student general chemistry
final grade. Figure 2.4 shows student final letter grade distribution for different teaching
approaches. The percent of students with letter A grades was increased with peer-focused
recitation instructions (29.1%) compared to the both traditional lecture-based classroom teaching
(23.8%) and instructor led recitation learning (14.7%). The percent of withdrawals (%W) under
both instructor-led (6.2%) and peer-focused recitation (6.8%) approaches were lower compared
to the traditional large classrooms (7.5%). Chi square analysis indicated a statistical significant
difference between student final grade distribution with the teaching approach they experienced
(p<.001).
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*
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*
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(99)
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…
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5
0
A
Peer-focused recitation

Figure 2.4

B

C
D
F
W
Final letter grades of CH1213 course
Instructor led recitation Traditional lecture based classroom

Student final letter grade distribution of CH1213 course broken down by the
teaching approach.

The number of students (N) is presented in parentheses. Asterisks (*) denotes if observed values
were significantly different than the expected values.

Figure A.2 and Tables A.2 - A.4 are included in the Appendix A and present student final
grade distribution grouped by their general characteristics (math competency level, ethnicity, and
gender). Final grade distribution remained almost the same for low- and high- math ACT groups
while the mid-math ACT group showed a notable improvement in their final grades with peerfocused recitation instruction. High and mid-math ACT students receiving letter A grades
increased by 26.3% and consequently, the percent of students receiving D/F/W grades was lowered
over the traditional lecture-based teaching. Considering student ethnic groups, white students
receiving final letter A grades increased with peer-focused recitation learning compared to both
other teaching approaches (8.0% higher than the traditional lecture-based classrooms and 13.7%
higher than the instructor-led recitation). The final grade distribution was roughly the same
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between genders. The percentages of students with letter A grades increased with peer-focused
recitation learning for both male and female students (5.8% and 4.5% respectively) with a slight
decrease in the percentage of students with earning C or lower grades.
2.5.3

Evaluation of student attitudes toward the recitation program
Using anonymous end-of-course evaluation surveys, we assessed student satisfaction

with the recitation program. Addressing our third research question, we probed average student
responses in Fall 2016, Spring 2017, and Fall 2017 (Table 2.3). Student responses to instructor
led recitation learning in Spring 2016 was not included as we did not perform a separate
evaluation for the lecture class and recitation class in Spring 2016. On a Likert scale of 1-5 (1=
strongly disagree, 5= strongly agree), the average responses were ranged from 2.376 to 3.313.
There was a trend of increased student satisfaction from Fall 2016 to Fall 2017. For example,
responding to the statement “Recitation helped me understand class material”, the mean score
increased by 0.502 on the five-point scale.
Students who responded positively most often mentioned recitation’s ability to discuss
questions with peers as well as get help from the GTA, while working within small groups. Most
of the student comments increased as we progressed through semesters. This is due to our
recognition of what students needed to understand the recitation format and interact successfully
with the instructional hour. A few representative positive comments are summarized:
o “Recitation is the only reason I am passing Chemistry. It is exponentially more helpful
than lectures. 10/10”;
o “I thought the recitation class helped me understand the material and it was more focused
for our individual needs.”
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o “I really liked having recitation, I was able to ask questions I wasn’t comfortable asking
in the big class.”
As well, there were negative comments and complaints. The most common were the
following:
o “Recitation is unnecessary extra work and stress; it didn’t help. It was just extra work that
I didn’t understand.”
o “I wish recitation was more of a review for learning the material. Just going over the
homework doesn’t help me learn.”
o “I think that recitation is a good idea overall, I think going over worksheets are helpful
and help to improve grades. However, I do not think it is fair that we are quizzed on new
material every class.”

Table 2.3

Summary of student evaluation results
Average response scorea ± standard deviation
Fall 2016
Spring 2017
Fall 2017
(N = 1411)
(N = 543)
(N = 1214)

Statements for student response

1 I liked the format of the recitation section.

2.607 ±1.390

2.984 ±1.334

3.109 ±1.420

2 Recitation helped me understand class material.
3 Recitation helped me better prepare for in-class
exams.
4 Recitation helped improve my performance in
class.

2.858 ±1.384

3.183 ±1.286

3.313 ±1.337

2.764 ±1.405

3.086 ±1.329

3.189 ±1.370

2.691 ±1.324

3.046 ±1.314

3.125 ±1.369

5 I would recommend recitation to a friend.

2.404 ±1.422

2.793 ±1.440

2.893 ±1.496

6 If given the option, I would take CH1223 (Chem 2.376 ±1.461
2.818 ±1.551
2.769 ±1.594
II) with recitation.
The Likert-type scale used has a range of 1–5, as follows: 1, strongly disagree; 2, disagree; 3, neither
agree nor disagree; 4, agree; and 5, strongly agree.
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2.5.4

Success in General Chemistry II
Evaluation of peer-focused recitation continued in General Chemistry II to determine if

the stronger foundational knowledge students obtained in CH1213 supported them to continue
successfully through General Chemistry II (CH 1223) and potentially retain in STEM majors.
Data was analyzed using Chi-square test and there was no significant difference in students
enrolling in CH 1223 after CH 1213 (p=.78) (Figure A.3 in the Appendix A). However, students
who experienced peer-focused recitation in their CH1213 course earned higher grades in the
CH1223 course (Figure 2.5). The students earning D or F grades were statistically significant
(p<0.001) when comparing students that had peer-focused recitation experience versus
traditional lecture experience.

40%

34.9%
(473)

Percent of students

35% 30.1% 26.1% 29.7%
(N= 408) (37) (189)
30%
25%

29.7%
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21.1%
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26.8%
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23.6%
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10%

3.9%
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(26) (61) (4) (23)
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A
peer-focused recitation

Figure 2.5
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C
D
F
W
Final letter grade for CH1223 course
instructor led recitation traditional lectured based teaching

Student final grade distribution for CH1223 course, grouped by the instructional
approach they experienced in CH1213.

The number of students (N) is presented in parentheses. Asterisks (*) denotes if observed values
were significantly different than the expected values.
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Furthermore, a comparison of student performance within the Spring 17 CH1223 course
evaluated and statistically analyzed using a chi-square test; students that took peer-focused
recitation in CH 1213 versus students that did not have that experience (transfer students or
students that passed Chemistry I via the AP placement test). The final grade distribution of
students in the Spring 17 CH1223 semester was significantly different between students that
experienced peer-focused recitation instruction and students who transferred in without the
recitation experience (p<.001) (Figure A.4 in the Appendix A). These analyses imply that the
stronger foundational knowledge of students from the peer-focused recitation supported
academic success in CH 1223.
2.6

Conclusions and discussion
Increasing our student’s peer-focused collaborative learning and enhancing student

ownership over their learning did significantly improve academic outcomes for our program. The
peer-focused recitation learning approach encouraged students to solve and discuss chemistry
problems in groups and was determined a success as it enhanced the students’ performance on
the ACS final exam significantly compared to the students who did not experience peer-focused
recitation learning. Results show that the differences in student exam performance in the peerfocused recitation and control sections of General Chemistry I course are statistically significant.
The first semester of recitation (Spring16), which functioned as a help session instructional hour
did not translate into academic improvement although it had incorporated the 4th weekly hour of
instruction similar to the peer-focused semesters. In addition, the student final letter grade
distribution for CH1213 course was significantly different for the three different teaching
approaches. Many more students earned good grades with peer-focused recitation even while the
overall rigor of the CH 1213 course was substantially increased.
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According to these results, the peer-focused recitation learning approach introduced at
Mississippi State University improved student performance, affecting equally all types of general
characteristics as defined by ethnicity, gender, and math competency level. In working with the
peer-focused recitation program, we have found it crucial to communicate the structure and
format of recitation very clearly to the students. The program has been designed to act as a
confirmation exercise for material already learned before arriving at recitation. The students
confirm their learning with peer-focused activities and discussion before taking an individual
quiz. Students that feel frustrated with recitation typically don’t buy in to this format and expect
the recitation to function as a “help session” where concepts are explained and reviewed from the
beginning. Due to the format of recitation, (35 minutes of activity to review an entire chapter of
material), this is simply impossible, and students must consistently be re-directed to the General
Chemistry Tutoring Center or their professor to get individualized help and support with their
questions prior to their recitation hour. This is by far the most difficult aspect of running the
peer-focused program as designed. However, we demonstrated with this study that a recitation
hour run as a help session (instructor-led, Spring 2016) did not function to help students learn the
material. Instead, we believe the instructor-led format delayed students in interacting with the
material as they would wait for the recitation hour to “get more help”.
The percentages of students retaining to General Chemistry II was not significantly
influenced by the teaching approach they experienced in their CH1213 course. However, higher
grades were observed in General Chemistry II (CH1223) after the peer-focused recitation was
implemented which implies that students were more successful in the course with their
background level of knowledge. More analysis is needed to determine if students continue to
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demonstrate success in other advanced chemistry courses and retain successsfully in STEM
fields.
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CHAPTER III
EYE TRACKING STUDIES TO SUPPORT STUDENT METACOGNITION WITH
CHEMISTRY WORD PROBLEMS
3.1

Abstract
This study investigates the use of “incorrect worked examples” as prompts to support

student focus while chemistry problem-solving. Sixty undergraduate students from the
Department of Chemistry participated in this study. Correct worked examples were given to half
of the students (control), and incorrect worked examples to the other half (experiment). Worked
problems were based on the undergraduate general chemistry topic “limiting reagents”. Subject’s
eye movements were tracked using EyeLink 1000 Plus eye-tracking device to understand where
students’ focused a direct visual gaze. The dwell times and fixation count on areas of interest
(AOIs) were statistically compared to determine student engagement with regions of the
presented worked examples. We found that students who learned with incorrect worked
examples spent more time engaging actively with the AOIs on presented material compared to
students exposed to correct worked examples. Pre- and post-tests were used to measure student
conceptual understanding and procedural problem-solving efficacy. Incorrect worked examples
supported both novice and expert learners to improve their problem skills and confidence on the
material, while correct worked examples supported novice learners only. This study supports the
use of incorrect worked examples as a tool to engage students’ attention.
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3.2

Introduction
Worked examples are an effective practice for student learning as they provide step-by-

step procedures that show how to perform a task or solve a problem. Worked examples are
extensively used in learning processes as they are a fast and efficient way to review problemsolving approaches. Students find that studying worked examples requires less mental effort in
practice, reduces cognitive load, and allows novice students to focus on learning the steps in
problem solving as compared to a set of instructions.(Booth, McGinn, Young, & Barbieri, 2015;
Hu, Ginns, & Bobis, 2015; Paas & Van Merriënboer, 1994; Tuovinen & Sweller, 1999; Van
Gog, Kester, & Paas, 2011) Recently, worked examples have been implemented in different
formats to enhance student cognitive abilities in STEM fields.(Booth, Begolli, & McCann, 2016;
Booth, Lange, Koedinger, & Newton, 2013; Booth et al., 2015; Richey & Nokes-Malach, 2013)
Using modified versions of worked examples to facilitate chemistry word problem-solving skills
is not as well reported. Because variations in the traditional format of worked examples may lead
to different types of learning benefits, in this present study we have researched student
interactions with incorrect worked examples using eye-tracking technology.
The learning process involves acquisition and memorization of new information. For
context to be remembered, students must attend to the material first and form linkages with prior
knowledge.(Chun & Turk-Browne, 2007) The space in which new information interacts with old
is working memory, a temporary workspace in which information can be simultaneously
remembered and processed. Recent work suggests that working memory may consist of several
interacting mechanisms such as attention, storage in primary memory, and retrieving information
from secondary memory, all of which may impact the learning process.(Lee, 2005) Spending
additional time on task may aid in this process of linking new information with old in working
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memory. Here, time on task refers to the amount of time a learner is thinking about, acting on, or
engaging with learning materials which positively correlates with academic achievements
(Marks, 2000; Romero & Barbera, 2011; Stallings, 2016). Seven principles for good practice in
undergraduate students suggested by Chickering and Gamson (1987) includes time on task as a
component that benefits student learning performance.
Over the past decades, most institutions have incorporated online homework within
undergraduate chemistry courses resulting in improved student performance (Parker & Loudon,
2012; Revell, 2013; Richards-Babb, Curtis, Georgieva, & Penn, 2015; Smithrud & Pinhas,
2015). Several studies have reported that web-based worked example systems enhance student
academic performance and support well-structured problem-solving skills.(Crippen & Earl,
2004, 2007) If students lose interest in studying worked examples, however, they may fail to
engage with them which drastically suppresses the positive impacts on learning.(Crippen & Earl,
2004)
Literature from learning sciences and educational psychology demonstrates that students
learn more effectively through active learning experiences than through passive reading or
lecture treatments.(Brown, Roediger III, & McDaniel, 2016) While reading text is one of the
most common strategies used by students, it conveys little benefit for information
retention.(Callender & McDaniel, 2009) The interaction of analyzing a problem, or struggling to
solve a problem, however, can convey deeper understanding and retention of
information.(Brown et al., 2016; Kapur, 2012, 2014) Incorrect worked examples can actively
engage students in learning over simply studying correct examples.(Booth et al., 2013)
Students can also learn a great deal by observing errors. The benefits of incorporating
errors as learning tools can be explained with two established theories. Ohlsson’s theory suggests
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that a student understanding why an error is wrong might help them recognize the incorrect
aspects of a solution; and allow students to refine their problem-solving skills and remediate
misconceptions.(Ohlsson, 1996) In addition, Siegler’s (1996) overlapping waves model suggests
that individuals use multiple approaches (both correct and incorrect) when problem solving.
Students reject ineffective approaches to focus on correct options if they clearly understand why
certain procedures are wrong.(Chen & Siegler, 2000) While correct examples provide accurate
information and help students develop correct conceptions, incorrect examples can induce a
cognitive conflict, help strengthen correct decision-making, and direct students to attend to
critical problem aspects.(Siegler, 2002)As a result, the use of incorrect worked problems can
reduce the frequency of errors when used to support problem-solving.(Booth et al., 2016, Booth
et al.2013)
3.2.1

Eye tracking technology as a measure of student attention
Eye tracking technology enables researchers to collect information on eye movements

and fixations, e.g., the location and duration where a person’s eyes are centered on the visual
material. Eye tracking data can be related to a subject’s cognizance and focus. The analysis of
points of interest, time engaged on information, and gaze patterns contribute to the understanding
of student behavior when solving problems.(Grant & Spivey, 2003; Raney, Campbell, & Bovee,
2014; Topczewski, Topczewski, Tang, Kendhammer, & Pienta, 2016) Tracking of eye
movements has been used in the last few decades as an accurate measure of student visual
attention to screen information.(Madsen, Rouinfar, Larson, Loschky, & Rebello, 2013; Nitschke,
Ruh, Kappler, Stahl, & Kaller, 2012; Tang, Kirk, & Pienta, 2014) Eye movements while reading
have been researched extensively as reading acts as an expressive example of cognitive
processing.(Raney et al., 2014; Rayner, 1998) Previous eye tracking studies in STEM fields
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have centered on the effects of visual attention towards graphical representation of data,
especially in math, physics, and chemistry fields.(Lin, Sunny S. J.; Institute Of Education,
National Chiao Tung University, Taiwan & Lin, John J. H.; Institute Of Education, National
Chiao Tung University, Taiwan, 2014; Schneider, Maruyama, Dehaene, & Sigman, 2012; Susac,
Bubic, Martinjak, Planinic, & Palmovic, 2017) Eye-tracking experiments have also been used to
differentiate more and less successful problem solvers (experts and novices) in STEM.(A. M.
Madsen, Larson, Loschky, & Rebello, 2012) Additional eye-tracking research has been
conducted in educational chemistry to explore student visual attention toward different
representations of molecules (i.e., lines-and-letters versus ball-and-stick)(Williamson, Hegarty,
Deslongchamps, Williamson III, & Shultz, 2013), for the interpretation of spectral data such as
NMR(Topczewski et al., 2016) or toward complexity factors in word problem solving(Tang et
al., 2014). This research study uses eye tracking technology to focus upon student attention
toward correct or incorrect worked examples.
The following research questions were addressed in this current study;
1. Does focus and engagement differ when interacting with correct versus incorrect worked
examples?
2. Do specific areas of interest engage attention with correct or incorrect worked examples?
3. Does review of correct or incorrect worked examples influence student engagement in
post-test questions?
4. Does review of correct or incorrect worked examples influence student confidence of
information?
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3.3
3.3.1

Methodology
Participants
Sixty undergraduate students concurrently enrolled in either General Chemistry I or II

participated in this research study. The participants volunteered and received a gift certificate as
compensation for taking part. It was ensured that each student participated only once. All student
participants had covered the limiting reagent topic in lecture class before taking part in this
research study and already possessed prior knowledge for solving targeted word problems.
3.3.2

Materials
Chemistry word problems on limiting reagents were developed by the research group and

presented in PowerPoint slides on a computer screen with an EyeLink 1000 Plus eye tracking
instrument. The control group engaged with correct worked examples with instructions to review
the calculated solution. The experimental group were given identical word problems but with
“incorrect solutions”, along with instructions to review the calculations and identify any errors
made within the example. Incorrect worked examples included errors of not balancing the
chemical equation, determining the limiting reagent through comparison of two different
products, and calculating liming reagent using a wrong molar ratio. Each worked example was
displayed in two consecutive slides for both experimental and control groups; examples are
shown in Figure 3.1.
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Sample slides for the experimental (A and A/) and control (B and B/) groups.

Each problem was presented in two consecutive slides. The first slide included the problem and
problem-solving steps; (top) correct and (down) incorrect while the latter showed accurate final
solution. The six AOIs are highlighted in yellow and framed in boxes for this figure: 1) reactants
in the question, 2) chemical equation, 3) reagents in calculation, 4) molar ratios, 5) amount of the
product produced, and 6) final answer. Student slides did not have highlights or boxed features.
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Figure 3.3

A sample post-test question (new problem) with two AOI.

Two AOIs: 1) reactants in the question and 2) chemical equation. Student gaze during post-test
work was only tracked for two areas of interest as their gaze often left the computer screen. Posttest questions were identical for control and experimental groups.

Figure 3.2 features boxed and highlighted areas to indicate the areas of interest measured
in our eye tracking study. Student time spent on other portions of the slides were not measured
or included as part of the study. Also, students were tested with similar new questions (post-test)
presented on the computer screen, one question per slide with paper and pencils provided for
individual work. Student gaze during post-test work was only tracked for two areas of interest
(Figure 3.3) as their gaze often left the computer screen.
To minimize the influence of confounding factors, the layout, spacing, areas of interest,
equations and font size were designed to be as identical as possible for the two groups. There
was no time limit to read slides and students could move to the next slide by clicking on a
statement at the bottom of the screen, “Are you ready to move on to next slide? Participants were
not allowed to go back to view previous slides.
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3.3.3

Apparatus
Data were recorded with a desktop mounted EyeLink1000 Plus eye tracker which

supports consistent sampling rate at up to 1000 Hz binocularly with 0.25 - 0.5 degree average
accuracy. Participants’ eyes were tracked at 500 Hz in this study. The participants were seated at
an approximate distance of 70 cm in front of a 17-inch screen. A head-free remote mode was
used which enables users to have freedom of head movement.
3.3.4

Procedure
Individual sessions were conducted with 60 participants, over two semesters, Spring 2018

and Fall 2018. Each session was 30 to 40 min long. At the beginning of the session, the aim of
this study and objectives of the research were explained in brief. Participants took a pre-test,
consisting of three limiting reagent problems. The eye tracker was calibrated for every
individual. Next, PowerPoint slides containing worked example problems were presented and
eye movement data was collected. Subjects solved three post-test questions with a calculator, a
periodic table, pencils and papers provided. A grading rubric for pre- and post-test questions is
included in section B.2 in the Appendix B. Immediately after completing the eye-tracking
experiment, each participant was given a questionnaire to complete. The questionnaire consisted
of 8 Likert scale questions, and 2 additional questions to predict pre- and post-test score.
3.4

Data analysis
A two-way mixed ANOVA was conducted to investigate the impact of the worked

example presentation style (correct versus incorrect) on student focus towards the AOI in worked
examples. The student eye movement data of three worked examples (six slides) were combined
and compared. Time spent and fixation counts on each AOI were measured to evaluate where
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students pay attention within the worked examples. We further investigated if students attend all
AOIs evenly or distribute attention to some AOIs more than others. A repeated measures
ANOVA followed by Bonferroni post-hoc test was conducted analyzing student attention
towards AOI on individual incorrect worked examples. In addition, student eye movements when
reading similar new (post-test) questions were analyzed using mixed repeated measures
ANOVA. Student performance when responding to similar new problems (post- test) was
analyzed using normalized gain, introduced by Hake 1998.(Hake, 1998) Further, we investigated
if correct vs incorrect worked examples benefit a specific group of students, specifically for
novice learners. The participants were grouped into 5 competency levels based on their pre-test
scores; 0-20, 21-40, 41-60, 61-80, and 81-100 and their performance was compared using oneway ANOVA, followed by a Bonferroni post-hoc test. All analyses were performed using SPSS
statistical package.
3.5
3.5.1

Results & discussion
Student focus towards AOI in incorrect vs correct worked examples
A mixed design ANOVA was conducted to investigate the impact of the worked example

presentation style (correct versus incorrect) on student focus towards AOI in chemistry worked
examples. There was a significant main effect of the worked example presentation style (correct
versus incorrect) with participants in the experimental group spending more time (58.49s ± 4.04)
and recording a higher number of fixations (309.0 ± 22.72) at the defined AOI than the
participants in the control group (46.87s ± 3.55 and 227.19 ± 17.0 respectively). The interaction
between the worked example presentation style and AOI type was statistically significant
suggesting that participants who reviewed correct versus incorrect examples spent time
differently on designated AOIs. The outcome of mixed ANOVA is summarized in Table 3.1.
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Table 3.1

Summary of the outcome of mixed ANOVA.

Dependent
Factors
variable
Dwell
Worked example presentation style (betweentime
subjects)
AOI focus (within-subjects)
Interaction between worked example presentation
style and AOI focus
Fixation
Worked example presentation style (betweencount
subjects)
AOI focus (within-subjects)
Interaction between worked example presentation
style and AOI focus

p
value

Effect size
(partial eta
squared)

0.038
<.001
<.001

0.082
0.387
0.147

0.006
151.53 <.001
7.90
0.002

0.139
0.748
0.134

F
value
4.55
32.23
8.81
8.22

Figure 3.4 demonstrates student attention (dwell time and fixation counts) on individual
AOI while reading three given worked examples (six slides combined). Students who reviewed
incorrect worked examples spent more time on two AOIs (chemical equation, and molar ratio)
than the students who reviewed correct worked examples. The dwell time and the average
fixation count on “chemical equation” was nearly twice as large for the experimental group than
the control group. As well, participants in the experimental group spent significantly more
attention on the “molar ratio in calculation” AOIs.
These results confirmed that the participants in the experimental group spent more time
and attended more to the incorrect worked examples compared to the analogous correct worked
examples by the control group. Probing for errors in incorrect worked examples might promote
students to generate self-explanations and draw attention to the particular features which made
them incorrect.
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Control group

Average dwell time (top) and average fixation counts (bottom) on each AOI.

AOI: 1) reactants in the question, 2) chemical equation. 3) reagents in calculation, 4) molar ratio
in calculation, 5) amount of product produced, and 6) final answer. The error bars indicate the
standard error.

3.5.2

Student focus towards specific areas of interest with correct or incorrect worked
examples
Figure 3.5 demonstrates descriptive statistics of eye movement data on individual worked

examples. Pattern of time allocation (distribution of dwell time) and pattern of eye fixations
(distribution of fixation counts) followed a similar pattern for the three incorrect worked
examples. Student attention towards AOIs on individual incorrect worked examples was
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statistically analyzed using repeated measures ANOVA (Table 3.2). Results of Bonferroni posthoc test demonstrated that the experimental group spent a significantly larger amount of time
looking at the chemical equation and molar ratios in calculation compared to the other four
AOIs. This held true for all three incorrect worked examples, regardless of where the error was.
The identical patterns of reviewing incorrect worked examples by the experiment group indicate
that when students were tasked to find errors in incorrect worked examples, they engaged with
the information identified as important, not only on the errors presented.

Table 3.2

Summary of repeated measures ANOVA analyzing eye movement data (dwell
time and fixation counts) of the experimental group on individual incorrect worked
examples.
Dependent variable

Worked example 1
Worked example 2
Worked example 3

F value

p value

132.69
103.95
17.61
78.78
25.79
68.20

<.001
<.001
<.001
<.001
<.001
<.001

Dwell time
Fixation count
Dwell time
Fixation count
Dwell time
Fixation count
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Effect size (partial
eta squared)
0.836
0.667
0.404
0.602
0.498
0.724

70

Average fixation counts

10

Average dwell time/s

8
6
4
2
0
1

2

3

4

AOI
Experimental group

5

50
40
30
20
10
0

6

1

Average fixation counts

6
4

2
0

1

4

5

6

Control group

2

3

4

5

60

50
40
30
20
10
0

6

1

AOI
Experimental group

2

3

4

AOI
Experimental group

Control group

10

5

6

Control group

70

Average fixation counts

Averagre dwell time/s

3

70

8

8
6
4
2
0
-2

2

AOI
Experimental group

Control group

10

Average dwell time/s

60

1

2

3

4

6

50
40
30

20
10
0
1

AOI
Experimental group

Figure 3.5

5

60

2

3

4

5

6

AOI
Control group

Experimental group

Control group

Student attention towards AOI on three incorrect worked examples.

Each incorrect worked example consisted of an error: 1) the chemical equation was not balanced,
2) the limiting reagent was determined through comparison of two different products, 3) the
liming reagent was calculated using an incorrect molar ratio.
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Moreover, we studied time allocation (dwell time) and number of fixations on AOI when
students were exposed to correct worked examples. Repeated measures ANOVA was conducted
for three individual correct worked examples comparing student attention towards six different
AOI. Analyzing dwell time on AOI, students in the control group spent significantly different
amounts of time on the AOI in worked example #1, spending more time on the chemical
equation and the molar ratio in the calculation than the other four AOIs. But, for worked
examples 2 and 3, they spent statistically equivalent amounts of time on all presented AOIs. This
outcome shows that when students are presented with correct worked examples, their interest and
focus declines after the first worked example. Output of repeated measures ANOVA is
summarized in Table 3.3.
Table 3.3

Results for repeated measures ANOVA analyzing differences between attention
towards six different AOI by the participants of the control group, for individual
correct worked examples.
Dependent variable

Worked example 1
Worked example 2
Worked example 3

3.5.3

Dwell time
Fixation count
Dwell time
Fixation count
Dwell time
Fixation count

F value

p value

4.25
65.01
2.54
43.96
1.33
31.38

0.011
<.001
0.056
<.001
0.266
<.001

Effect size (partial eta
squared)
0.145
0.722
0.092
0.637
0.051
0.557

Student focus towards important information in similar new problems (post-test
questions)
Student attention towards AOI in post-test questions were analyzed using mixed ANOVA

to observe if students engage in different patterns of reading the questions after review of correct
versus incorrect worked examples. The student attention towards the AOI in test questions were
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significantly different based on the type of worked example (correct versus incorrect) they
reviewed; F(1,51)= 7.14, p= .01 and F(1,51)= 13.34, p= .001 for the dwell time and fixation
count respectively. Participants who learned with incorrect worked examples spent more time
and made more fixations on AOIs in the test questions compared to the participants exposed to
correct worked examples. As well student focus significantly varied with AOI type; F(1,51)=
15.65, p< .001 and F(1,51)= 10.80, p= .002 for the dwell time and fixation count respectively.
Additionally, there was a significant interaction between the worked example presentation style
and AOI type demonstrating that the experimental and control group focus differently on AOI in
post-test questions. The students who reviewed incorrect worked examples more than doubled
dwell time and number of fixations on the “chemical equation” in post-test questions compared
to students who reviewed correct worked examples.
Examining further we compared participants’ eye movements (dwell time and fixation
counts) on two AOI (reactants in the question and the chemical equation) when reviewing
worked examples and reading post-test questions. Though participants in the two groups paid
statistically identical amounts of attention to the reactants in the question when reviewing
worked examples (F(1,51)= .025, p= .876 and F(1,51)= .357, p= .553 for dwell time and fixation
count respectively), participants who learnt with incorrect worked examples spent more time
(F(1,51)= 4.12, p= .048) and recorded more fixation counts (F(1,51)= 6.45, p= .014) looking at
the reactants in the question when they were reading the post-test questions. This outcome might
be because students who reviewed incorrect worked examples were alert and cautious on
possible errors when solving similar problems, therefore they attentively read the new problems.
Figure 3.6 compares the student attention towards the two AOI while reviewing worked
examples and reading similar new problems in the post-test.
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A comparison of the student attention towards the two AOIs (reactants in the
question and the chemical equation) while reviewing worked examples and
reading similar new problems in the post-test; A) average dwell time and B)
average fixation counts.
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3.5.4

Evaluation of student performance when tasked to analyze new word problems
Students’ post- test scores were analyzed to evaluate if student performance differed

depending on the type of example received, when tasked to analyze new word problems. Figure
3.7 displays distributions of participants’ pre- and post-scores. A one-way ANCOVA was
conducted to compare the effectiveness of correct versus incorrect worked examples counting on
the pre-test scores as the covariate. The mean difference between the experimental group (92.0 ±
2.3) and the control group (85.47 ± 4.02) was not statistically significant; F(1,57)= .423, p= .518,
effect size (partial eta squared)= .007.
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Control group

Distribution of student scores at the A) pre-test and B) post-test.

Because pre-test scores of the two groups were inconsistent (64.7 and 50.5 for the
experimental and control groups respectively), normalized gain was calculated to compare
students’ learning under different teaching instructions, independent of population or pre-test
scores. The average normalized gain is defined as; normalized gain, g = (post-test% -pre-test %)
÷ (100% - pre-test%). The presentation of incorrect worked examples promoted higher learning
gains with a medium-to-large (62.19%) normalized gain while students who reviewed correct
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worked examples had a medium (54.31%) normalized gain. However, the difference was not
statistically significant; t(58)= .579, p= 565.
Moreover, participants were categorized based on their pre-test score and normalized
gain was calculated for each category (Figure 3.8). Students who reviewed correct worked
examples and had a better initial knowledge in solving limiting reagent problems (students who
scored more than 80 in their pre-test) had negative normalized gains. Normalized learning gains
were statistically analyzed using one-way ANOVA. According to the results, incorrect worked
examples supported students at all initial competency levels; F(4,25)=.995, p=.429, effect size
(partial eta squared)= 0.37. For the control group normalized learning gain was statistically
different between initial competency levels; F(4,25)=17.4, p<.001, effect size (partial eta
squared) = .782. Bonferroni post-hoc test revealed that the students with higher initial knowledge
(pre-test score 81-100) were statistically different from the performance of the other four groups.
This might be because students in the control group with better initial knowledge did not focus or
attempt to learn from the presented worked examples, therefore, they did not show any
improvement in their ability to solve limiting reagent problems after reviewing (correct) worked
examples. In contrast, looking for errors in incorrect worked examples might support motivated
students to engage with the material more actively and may support positive learning gains.
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3.5.5

Control group

Normalized gain of student post-test scores categorized by pre- test scores. Error
bars indicate standard error.

Assessing student confidence on their problem-solving ability after reviewing
correct vs incorrect worked examples
At the end of each session, participants were invited to predict the pre- and post-test

scores they expect. Predicted scores were used as a measure of student confidence for solving
limiting reagent word problems. Distributions of student predicted pre- and post- scores are
presented in Figure B.1 in Appendix B. Students who faced incorrect worked examples predicted
a higher post-test score (92.67±3.31) compared to the students who reviewed correct worked
examples (83.33±4.43). The mean difference was statistically analyzed using ANCOVA and the
result was marginally significant; F(1,27)= 3.36, p= .078, effect size (partial eta squared) = .111.
Normalized gain was calculated for the predicted scores. The normalized gain of the predicted
scores for the experimental group was medium-to-large (65.48%) while the control group had a
small-to-medium normalized gain (31.59%). The mean difference was marginally significant;
t(28)=1.77, p= .088. The larger normalized gain of the predicted scores for the students in the
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experimental group illustrated that they felt more positive and self-assured about their ability to
solve new problems versus the control group. The improved attitude might be because students
who learned with incorrect worked examples were aware of common errors, and therefore, felt
more confidence when responding to similar new problems.
The normalized gains of student predicted post- test scores were binned based on their
predicted pre-test scores (Figure B.2 Appendix B). Students in the control group, who predicted
more than 80 for the pre- test, predicted a lower score for their post-test. This expresses that
some of the students in the control group did not expect an improvement in their limiting reagent
problem-solving skills with the support of correct worked examples. In contrast, all the
participants in the experimental group had positive normalized gains for their predicted scores,
indicating that incorrect worked examples supported students in all competency levels to
enhance their confidence in solving limiting reagent problems.
3.5.6

Student attitudes towards incorrect versus correct worked examples
Student survey responses were assessed to explore students’ attitudes and reactions

towards incorrect versus correct worked examples. Both groups agreed that worked examples
(correct or incorrect) positively impacted their learning and understanding. Student responses to
the Likert scale survey questions were analyzed using chi-square test of independence. There
was no significant difference between students’ responses towards incorrect versus incorrect
worked examples, χ2 (7)=.439, p= 1.00. Descriptive statistics of students’ reaction to Likert scale
survey questions are presented in Table B.1 in Appendix B.
In addition to the Likert scale questions, students received 2 multiple choice questions.
The first question was targeted to investigate if students read all the worked examples attentively
or ignored some worked examples when they have more than one similar example. The majority
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of students (87%) in the experimental group, answered that they read all three worked examples
attentively, while only 67% of students in the control group read all three worked examples
attentively. None of the participants picked options “A) I only skimmed all three worked
examples” or “B) I read only the first solved problem attentively. I just skimmed the next two”
(Figure 3.9).

Figure 3.9

Percentage student response by experimental and control group towards the survey
question 1.

Survey question 1: Choose the most appropriate option for you; A) I only skimmed all three
worked examples, B) I read only the first solved problem attentively. I just skimmed the next
two, C) I read only the first two worked examples attentively. I just skimmed the last one, and D)
I read all the three worked examples attentively.

Next, students were questioned about their focus on different phases of chemistry word
problem solving. The majority of participants (86%) in the experimental group and 40%
participants of the control group reported that they focused attention towards equation balancing,
stoichiometry, and all the calculation steps as well as the final answer while they were reading
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worked examples (Figure 3.10). These results suggest that giving a challenge for students to
engage with, for instance, finding an error in a worked example, had made students study worked
examples more consciously.

Figure 3.10

Percentage student response by experimental and control group towards the survey
question 2.

Survey question 2: While reading worked examples, I paid attention towards: A) Equation
balancing, stoichiometry, and all the calculation steps as well as the final answer, B) Only the
calculation steps as well as the final answer. I didn’t check equation balancing and stoichiometry,
C) Only the final answer. I didn’t check equation balancing, stoichiometry, or calculation steps,
and D) I just stared at the entire area but didn’t pay attention towards particular information.

3.6

Limitations of this study
This study presented correct and incorrect worked problems with slightly different

formats, including multiple choice prompts on the incorrect worked examples to encourage
analysis. None of the extra text was included in analysis of dwell time or fixation count; only
attention to the designated AOI on each slide. The enhanced time spent on incorrect worked
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examples could simply be because the multiple-choice prompts directed student attention back to
the problem. The authors of this study would reflect however, that that is the point. We are
looking at presenting word problems and their solution in a different way to encourage student
focus, engagement and critical analysis of the presented information. As students rely more
heavily on online learning and computer screen formats for learning, it becomes crucial to
engage student attention on the information presented.
3.7

Conclusions
Looking for errors in incorrect worked examples encouraged student attention and

engaged students more actively on calculation steps than correct worked examples. Attentive
examination on worked examples might help students identify potential errors when responding
to problems and therefore reduce mistakes when tasked with new, similar problems. Spending
more time looking for errors in incorrect worked examples and prompting students to analyze
presented work may contribute to improved confidence of knowledge. Incorrect worked example
formats inspired students’ motivation, engagement and attentiveness to examine the worked
examples intensively, developing their metacognitive skills. Incorrect worked examples can be
implemented as an effective educational strategy to support online learning.
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CHAPTER IV
IMPLEMENTATION OF CH4990 BIOCHEMISTRY LABORATORY IN THE
DEPARTMENT OF CHEMISTRY, MISSISSIPPI STATE UNIVERSITY
4.1

Introduction
Undergraduate level biochemistry laboratory courses provide students hands-on

experience and skills required for chemistry and biology research and for employment in
science-related careers. We developed an undergraduate biochemistry laboratory course at the
Department of Chemistry, Mississippi State University. First, I explored the literature to find
suitable content of experiments for undergraduate biochemistry students. I designed several
biochemistry laboratory experiments and performed trials to find the most effective activities that
would fit into the 3-hour lab period. I was involved in purchasing all the chemicals, glassware,
and instruments that would be required. I set up the entire biochemistry lab with new glassware
and instruments with help from other biochemistry lab teaching assistants.
I wrote an undergraduate biochemistry lab manual including the most effective eleven lab
experiments which are related to the biochemistry lecture course. The lab activities are enriched
with essential lab techniques and instrumentation such as protein extraction, UV/vis
spectroscopy, column chromatography, gel electrophoresis, protein characterization,
bioinformatics, DNA extraction, enzyme kinetics, and mass spectrometry. A copy of the lab
manual is presented in Appendix C.
The first biochemistry lab course at the Department of Chemistry, Mississippi State
University was started in Fall 2018 and open for student enrollment in every Fall semester.
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During the first semester, I worked as a biochemistry lab teaching assistant. Seventeen students
successfully completed the biochemistry lab course in Fall 18. In Fall 19, as of this writing,
seventeen students are currently enrolled in the biochemistry lab course.
4.2

Course structure
Biochemistry laboratory is a one-credit course that meets for three hours once a week.

Student goals were three-fold: (1) learn the conceptual foundations of biochemistry research, (2)
obtain hands on experience on biochemistry laboratory techniques and instrumentation, and (3)
acquire knowledge and skills which would help to pursue research or career in biochemistry.
Each lab activity included post lab questions as an evaluation to measure student understanding
on learned concepts and experiment is performed. Students were tasked to analyze their
experimental results and submit them as a full report in the following week.
4.3

Student attitudes towards the Biochemistry laboratory course
In order to investigate students’ attitudes towards the Biochemistry laboratory course we

performed an anonymous student survey at the end of the laboratory course. Responding to
Likert scale questions, the majority of students had positive responses towards the biochemistry
laboratory course while only one or two students were neutral or negative towards the
biochemistry lab experience. All (100%) of the students agreed that the lab work gave them an
opportunity to get hands-on experience using instrumentation which are commonly used in
biochemistry laboratories (Figure 4.1). Also, students were asked to evaluate each individual
laboratory experiment. Most students liked all eleven of the experiments, while only one or two
students disliked some experiments (Figure 4.2).
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Neutral

Disagree or stronly disagree

Student responses towards biochemistry laboratory course

Survey questions
1. Laboratory work helped me understand basic Biochemistry concepts
2. There was good linkage between experiments and relevant theory.
3. The experimental procedure was clearly explained in the instructions given.
4. I improved my experimental skills following this course.
5. The lab work gave me an opportunity to get hands on experience for using
instrumentation which are commonly used in Biochemistry laboratories.
6. The experiments worked so that I got good results.
7. The experiments were interesting.
8. I think I acquired necessary skills and knowledge required as a Biochemistry student.
9. The experience I obtained from Biochemistry labs would be helpful if I pursue a career
specific in Biochemistry.
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Laboratory Experiment
This experiment greatly helped me. It was really interesting, and I enjoyed doing this lab.
This lab was somewhat successful. I recommend this experiment proceed with some modifications.
I have no special interest or dislike towards this experiment.
I didn’t like this experiment. However, I recommend this experiment proceed with some modifications.
This lab was ineffective and not successful at all. I recommend this experiment be completely changed or
removed from the manual.

Figure 4.2

Evaluation of student attitudes towards each individual lab experiment.

Laboratory experiments
1. Proper use of micropipettes, buffers, concentration, and dilutions
2. UV/vis spectroscopy and Bradford assay
3. Protein Extraction from lysed yeast- Column chromatography batch method
4. Ammonium sulfate precipitation
5. Cation exchange column chromatography
6. Cytochrome c assay, characterization and bioinformatics
7. SDS-PAGE (sodium dodecyl sulfate gel electrophoresis)
8. Plasmid DNA purification
9. Enzyme kinetics of lactase
10. Enzyme inhibitors: identification of competitive and non-competitive inhibitors
11. Determination of peptide primary structure using mass spectrometry-based sequencing

Several representative positive comments made by students are summarized below.
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“Very useful in understanding concepts from class.”
“Helped my understanding a lot….
experiments usually worked well.”
“Better overall outline of how things will work”
“All the labs made sense and went in a reasonable order.
Mostly simple experiments that were instructive
Connected well with lecture”
“I really enjoyed learning the new concepts and think it lined up well with the lecture.”

Although there were no negative comments or complaints, some students did make some
suggestions to make the course better.
“I liked it a lot. If I were to change anything, I think I would try to have something to do
while the centrifuge is running. There’s a lot of down time”
“I would really appreciate more protein extraction experiments”
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CHAPTER V
HANDS-ON ELECTROSPRAY IONIZATION-MASS SPECTROMETRY FOR
UNDERGRADUATE BIOCHEMISTRY STUDENTS: PEPTIDE
IDENTIFICATION BY LADDER SEQUENCING
5.1

Abstract
Mass spectrometers are ever-increasingly powerful, user-friendly and affordable.

Thus, the addition of mass spectrometry experiments into the undergraduate laboratory
curriculum is now both feasible and an effective tool to introduce students to relevant
instrumentation. Here, an experiment demonstrating the use of a high-resolution
electrospray ionization mass spectrometer (ESI-HRMS) for the identification of peptide
sequences and the differentiation of isomeric peptides was developed and implemented in
a biochemistry laboratory course for third-year chemistry major undergraduate students.
As a pre-lab assignment, students were tasked to predict the mass-to-charge ratios and the
fragmentation patterns for five given peptides using an online fragmentation prediction
tool (Protein Prospector’s MS-Product tool, prospector.ucsf.edu). Students then analyzed
two unknown peptides using ESI-HRMS. The theoretical and experimental results were
compared to reveal the identity of the two unknown peptides. The student success rate of
recognizing the unknown peptide sequences was 87.5%. This laboratory experiment
provided students with hands-on experience using a research-grade ESI-HRMS
instrument to solve a bioanalytical problem—specifically, the identification of the
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primary structure of a peptide of unknown sequence. Learning outcomes were evaluated
for this experiment which showed student understanding of peptide sequencing using
mass spectrometry.
5.2

Introduction
Hands-on laboratory skills and exposure to instrumentation techniques are crucial

to train science students for advanced research and for employment in careers related to
the science, technology, engineering, and mathematics (STEM) fields.1–3 Developing
laboratory experiments that parallel those commonly performed by actual chemistry and
biology researchers provides a motivational hook and the opportunity for hands-on
experience directly relevant to the modern research environment. As mass spectrometry
becomes a more affordable and routine analytical tool,4 exposure to this technique
becomes an increasingly important (and now feasible) aspect of undergraduate training in
chemistry.
To date, most implementations of mass spectrometry-based laboratory activities
have had an analytical chemistry, instrumentation, or physical chemistry focus.
Experimental applications of mass spectrometry in analytical and/or instrumental
undergraduate courses include the detection of essential oil in citrus fruits,5 analysis of
environmental samples for identification and measurement of pollutants in the
environment,6 analysis of caffeine,7 and identification of components in gasoline.8 Mass
spectrometry has been used in undergraduate physical chemistry laboratories to study the
primary kinetic isotope effect in a household bleach,9 measure gas-phase basicities of
amino acids,10 and investigate structures and bonding configurations of inorganic
compounds.11
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With the rise of mass spectrometry for biochemical analysis, the educational need
is pushed beyond instrumental analysis into other chemical subfields, including
biochemistry. For instance, now de novo sequencing of peptides to determine primary
structure by mass spectrometry (known as “ladder sequencing”) has become routine.12–16
There have been a few examples of mass spectrometry laboratory activities focused on
biological samples being designed and implemented in undergraduate courses. Clemmer
et, al. (2003) presented an experiment using matrix-isolated laser desorption ionization
time-of-flight mass spectrometer (MALDI-TOF) to identify a mixture of peptides
produced upon digestion with an enzyme.17 Beussman et. al. (2009) incorporated ESI
mass spectrometry into a bioanalytical chemistry course for the analysis of relatively
small peptides, including the determination of charge state and molecular mass using
isotopic patterns.18 The same group designed a second experiment, where students were
given an unknown peptide and tasked to identify the sequence using ESI tandem mass
spectrometry.19 Cohen et. al. (2005) developed a laboratory exercise where students
discover two given proteins and their origin using ESI for total mass determination,
MALDI-TOF for peptide mass mapping, and ion-trap tandem (fragmentation) mass
spectrometry for sequence analysis.20 Alty L.A. (2016) integrated liquid chromatography
electrospray ionization time-of-flight mass spectrometry (LC-ESI-TOF-MS) in the
undergraduate setting to identify peptides in egg white, comparing the experimental
results with known peptide sequences of egg white proteins.21
Given that peptide sequencing and proteomics experiments have become routine
in biology, these early student exposures within a biomolecular context are important.12–
14

Here, we continue to build on this work by presenting a laboratory activity wherein
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students determine sequence of two “unknown” peptides which are isomers of one
another, and, with the aid of an online product ion prediction tool, assign the sequence of
their peptide. This contribution is unique because of (1) the introduction of the use of the
online prediction tool and (2) the in-depth discussion of isomers as it relates to both
isomeric amino acid residues (which produce ambiguity in de novo sequencing) and the
sequence permutations of peptides (which can be unraveled using the product ion
analysis).
5.3

Safety hazards
Students should wear gloves and safety goggles when handling samples and

solutions to avoid skin or eye contact with the peptides and solvents. Wash hands
thoroughly after handling. Used peptide samples must be collected in appropriate labeled
waste containers and disposed of in a hazardous organic waste container.
5.4
5.4.1

Experimental details
Peptide sequence choice and sample preparation
Prior to implementing the activity in an undergraduate laboratory, several

peptide sequences were evaluated for suitability. The chosen peptides, MILGI and
IIGLM, are sequence permutation isomers (same m/z, requiring MS/MS to differentiate)
that ionized well, generated good sequence coverage upon fragmentation, and produced
reliable and reproducible results—all good qualities for the laboratory activity. MILGI
was purchased from GenScript (Piscataway, NJ) as a custom peptide and IIGLM was
purchased from Bachem (Torrance, CA) as a catalog peptide representing a fragment of
amyloid β-protein.
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Prior to the class period, solutions of each peptide were prepared and labeled as
“unknown A” and “unknown B”. The solutions were made to a concentration of ~5 μM
in 50/50 HPLC-grade methanol (Fisher Scientific, Waltham, MA) and water (Fisher
Scientific, Waltham, MA). To aid in protonation, 0.5% glacial acetic acid (Fisher
Scientific, Waltham, MA) was added to the spray solution. A blank solution containing
the same solvent makeup was prepared for washing the instrument between runs.
5.4.2

Mass spectrometry
Mass spectrometry experiments were performed on a Bruker microTOF

Q-II mass spectrometer (Bruker Daltonics, Bremen, Germany). Less than 100 μL of
sample was loaded into a syringe for direct infusion into the ESI source at a flow rate of 5
μL/min using a KD Scientific (Holliston, MA) syringe pump. Single-step (i.e., full scan)
mass spectrometry was used to record the experimental m/z of each protonated peptide of
“unknown” sequence. Collision-induced dissociation (CID) experiments were performed
to determine experimental fragmentation patterns. For this step, the precursor ion mass
was selected using the manufacturer’s control software and the ion was subjected to a
collision energy selected to produce extensive fragmentation without depleting the
precursor ion.
Note that fully rinsing the source of the analyte such that the baseline
returns to its starting point is crucial when analyzing isomers by MS/MS, given that the
isomers will appear at the same m/z in the spectrum and can lead to convoluted CID-MS
spectra.
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5.4.3

Laboratory activity and evaluation
This experiment was performed with two separate laboratory groups of upper

level undergraduate students in the Biochemistry I laboratory course at our institution (18
students in total). Prior to the lab, students were provided with background reading
material and finished a pre-laboratory exercise which consisted of four questions. The
first question was based on fundamentals of mass spectrometry to evaluate students’
understanding about the function of a mass spectrometer. Questions two through four
required use of the MS-Product tool in Protein Prospector22 to predict the monoisotopic
mass of five protonated peptides (MILGI, LGIRR, AIGLM, IIGLM, and ALGLM, see
Table 5.1) and their dissociation patterns. This pre-laboratory exercise introduced
students to the online fragmentation prediction tool and evaluated student understanding
of ladder sequencing and the mass spectrometry-based analysis of peptides.
Of the five possible peptide sequences evaluated in the pre-laboratory activity,
two peptide sequences, MILGI and IIGLM (labeled as “unknown A” and “unknown B”),
were given to students as unknowns for experimental analysis. Students were then tasked
with interpreting the ladder sequence and identifying the peptide sequences after
performing the mass spectrometric measurements. Based on m/z of the precursor,
students could narrow the list of possible candidates from the five sequences for which
theoretical m/z values were calculated down to the two sequence isomers. Examination of
the experimental fragmentation patterns were then compared by students to the predicted
fragment ions they had calculated as part of the pre-laboratory activity, allowing
differentiation between the two isomeric peptides (bold in Table 5.1).

93

Table 5.1

List of peptides included in the pre-laboratory assignment with their
molecular masses of the protonated peptide.
Peptide sequence
MILGI
LGIRR
AIGLM
IIGLM
ALGLM

Molecular mass/Da
545.74
613.41
503.29
545.74
503.29

Peptides analyzed experimentally in the laboratory are bolded.

This hands-on experiment was designed for a 3 h laboratory period. An
anonymous student response survey consisting of 8 Likert scale questions and 5 openended questions was conducted to evaluate student satisfaction towards the developed
laboratory experiment.
5.5

Learning objectives

The learning objectives for this experiment are for students to:
1. understand the experimental steps involved in performing a MS/MS experiment,
2. identify the amino acid constituents for specific b/y-type fragment ions for a
given peptide,
3. identify limitations of MS-based methods arising from isomeric amino acids, and
4. compare experimental and theoretical fragmentation spectra to identify an
unknown peptide and to differentiate between sequence isomers.
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5.6
5.6.1

Results and discussion
Enhancement of student academic skills
Mass spectrometry was not covered in the lecture component of this class, thus

the students who participated in this activity learned the fundamentals of mass
spectrometry, the basics of how to operate a mass spectrometer, and how mass
spectrometers are used for peptide sequencing for the first time in this laboratory activity.
The pre-laboratory assignment was designed to teach the fundamentals of mass
spectrometry and how to work with the Protein Prospector online tool to predict the m/z
and dissociation patterns of example peptides and amino acids. Prior to the laboratory
session, only 41.2% (7 out of 17) responded correctly to the pre-lab question based on
fundamentals of mass spectrometry. Importantly, however, after having hands on
experience using the mass spectrometer, 81.3% (13 out of 16) correctly answered the post
laboratory question based on the steps in a mass spectrometry experiment. This suggests
that the hands-on activity improved student understanding of the mass spectrometry
experiment.
Students were successful in using the Protein Prospector online tool to predict the
properties of the five peptides listed in Table 5.1., as evidenced by students correctly
predicting the m/z (94.1% correct) and the specific b/y fragment ions (88.2% correct) for
the given peptides. In order to acknowledge the limitations of mass spectrometry-based
experiments, students were tasked to calculate the m/z of five given amino acids; I, L, W,
Y, and S. Since leucine and isoleucine are isomers, they share the same m/z. This
demonstration helped students realize that measurement of m/z alone (as is done in full-
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scan/single-stage mass spectrometry) is not sufficient for the unambiguous identification
of analytes.
5.7

Analysis of mass spectra
During the laboratory meeting, students collected collision-induced dissociation

mass spectra for the two “unknown” peptides, MILGI and IIGLM; results are shown in
Figure 5.1. Electrospray ionization is known to mainly generate protonated molecules,
with one or more charges, [M + nH]n+. For small peptides, such as the ones used here, the
monoprotonated species dominates, which simplifies the analysis steps for novices. Since
the two unknown peptides are isomeric, the spectra both exhibited a peak corresponding
to the protonated analyte, [M + H]+, at m/z 546.3. Students successfully ruled out the
three suggested sequences with different theoretical m/z values, narrowing the
possibilities to two potential sequences (88.2% correct).

Figure 5.1

Fragmentation spectra for two unknown peptide sequences A) IIGLM and
B) MILGI.
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5.7.2

Peptide sequencing
To differentiate between the two remaining potential peptides—the sequence

isomers—fragmentation of the [M + H]+ ion was performed and the resulting data was
compared to the theoretical product ions for the remaining two candidate peptide
sequences. Most students were then able to correctly identify the peptide sequence
corresponding to their assigned unknown (87.5% correct). In addition to the pseudo
molecular ion, [M + H]+, Figure 5.1 shows the fragment ions resulting from dissociation
of each protonated peptide. Each fragment is labeled with a lower-case letter and a
subscripted number. This nomenclature was introduced by Roepstorff and Fohlman and
further modified by Biemann and is now widely accepted in the peptide sequencing
community.23,24 A summary of the cleavages relevant to the current work are summarized
in Figure 5.2. Note that CID-MS predominantly produces b- and y-type ions, with some
a-type ions occasionally being observed. When a monoprotonated species cleaves, the
fragment that holds charge will be detected whereas neutral fragment will be undetected.

Figure 5.2

Definition of a, b and y ions that can be produced after backbone
fragmentation of a peptide.
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The subscript values stand for the number of amino acid residues present in the
fragment ion. For instance, a b2-ion is the N-terminal fragment resulting from cleavage at
the amide bond containing two amino acid residues, a b3-ion is the N-terminal fragment
containing three amino acid residues, and so on.
5.7.3

Evaluation of student attitudes toward the new experiment
A Likert scale questionnaire was provided to students to gauge satisfaction towards

the new experiment. The results from this questionnaire are summarized in Figure 5.3.
Most students responded positively to the new laboratory experiment.
Reviewing students’ comments towards the open-ended questions, students were
happy about getting an opportunity to learn about and use a mass spectrometer. Student
feedback was diverse towards the question “what was the most enjoyable part of today’s
experiment?”. While some students liked the pre-laboratory using protein prospector
online tool to predict molecular peaks and possible fragments for given peptides, others
enjoyed learning to use a mass spectrometer and/or obtaining strong results. Responding
to the questions “What was the least enjoyable part of today's experiment?” and “Is there
anything about the lab you would have done differently?”, most students complained about
the waiting time to wash the mass spectrometer to return to baseline, which can be easily
remedied with more efficient washing procedures in the future.
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I would recommend for others to do this lab.
I enjoyed doing this lab.

The calculations were reasonable to do.

61.1%
33.3%

5.6%

27.8%

0.0%

The experiment worked so that I got good…

5.6%

The experiment was interesting.

11.1%

The instructions were clear and easy to…

5.6%

66.7%

27.8%

5.6%

The post-lab questions were reasonable to…

The introduction engaged my interest.

44.4%
50.0%

5.6%

72.2%
44.4%
50.0%
44.4%
44.4%

22.2%
27.8%

0.0%

72.2%
72.2%

0% 10% 20% 30% 40% 50% 60% 70% 80%

like

Figure 5.3

5.8

neutral

dislike

Student response towards the Likert scale student questionnaire.

Conclusions
A mass spectrometry-based ladder sequencing experiment, specifically illustrating

the utility of dissociation experiments in differentiating between peptide isomers, was
developed and implemented in an upper-level biochemistry laboratory for
undergraduates. This experiment was useful for chemistry undergraduate students to
learn instrumental analysis within a biochemical context and to gain hands-on experience
using a research-grade ESI-HRMS instrument. Furthermore, the hands-on
instrumentation components were complemented by students use of an online prediction
tool, Protein Prospector’s MS-Product. Students had a generally positive view of this
activity, as evidenced by their survey responses.
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Figure A.1

Student final letter grade distribution of CH1213 course broken down by
semesters.

Table A.1

Comparison of pass/fail rates for different semesters.

Semester
Spring 2014
Spring 2016
Spring 2017
Fall 2015
Fall 2016
Fall 2017

Teaching approach
Traditional large classroom lecture
Instructor led recitation
Peer-focused recitation
Traditional large classroom lecture
Peer-focused recitation
Peer-focused recitation
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Percentage passing (%ABC)
57.1
54.4
59.9
69.3
70.7
70.9

Final grade distribution
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Gender
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Final grade distribution of students in CH1213 based on their general attributes A)
math competency level (as measured by math ACT score), B) ethnicity, and C)
gender, binned by the teaching approach.; TL: Traditional lecture based large
classroom teaching, IR: Instructor led recitation, and PR: Peer-focused recitation.
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Table A.2

Final grade distribution of students based on their math competency level (as
measured by math ACT score) binned by the teaching approach.

Competency
level

Teaching
approach
A
B
C
D
F
W
Traditional lecture
based classroom
6.7%
13.6%
20.8% 18.3% 26.6% 14.0%
LowInstructor led
performing
recitation
6.0%
12.3%
22.3% 26.2%* 25.6% 7.5%*
group
Peer-focused
recitation
5.5%
11.0%
24.4% 18.2% 26.1% 14.7%
Traditional lecture
based classroom
18.4% 23.4%
28.0% 12.2% 12.6% 5.4%
MidInstructor led
performing
recitation
16.8% 25.7%
31.0%
8.0%
15.0% 3.5%
group
Peer-focused
recitation
44.7% 25.4%
16.8%
5.5%
4.6%
3.0%
Traditional lecture
based classroom
44.7% 25.4% 16.8%* 5.5%
4.6%
3.0%
HighInstructor led
performing
recitation
46.4% 28.6%
8.3%
3.6%
8.3%
4.8%
group
Peer-focused
recitation
52.5% 24.7%
11.6%
5.1%
4.0%
2.1%
This table shows the percent of students with each letter grade. Student final grade distribution
was statistically analyzed using chi-square tests for independence. Results was statistically
identical for mid-performing students, p= .883. Though results were statistically significant for
high- and low-performing students (p= .008 and p= .008), the final grade distribution of students
who learned with peer-focused recitation had not made a consequential impact on the
significance of results (standardized residual values lie in-between ± 1.96).
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Table A.3

Final grade distribution categorized by ethnicity for three different teaching
approaches.

Ethnicity Teaching approach
A
B
C
D
F
W
White
Traditional lecture-based
students
classroom
26.5%*
11.7% 6.9%
23.0% 21.1% 10.8%
Instructor led recitation
20.8%*
5.1%
22.0% 23.2% 15.8%* 13.1%
Peer-focused recitation
34.5%*
22.2% 19.0% 10.0% 8.7%* 5.7%
Traditional lecture-based
African
classroom
9.4%
8.8% 23.9% 17.8% 28.6% 11.4%
American Instructor led recitation
3.9%
9.9% 19.1% 23.0% 34.9% 9.2%
students
Peer-focused recitation
8.8%
29.4% 11.7%
12.7% 21.3% 16.1%
Students
Traditional lecture-based
from
classroom
30.5%
25.4% 19.5% 9.3%
11.0% 4.2%
other
Instructor led recitation
4.9%*
12.2% 22.0% 26.8%* 29.3%* 4.9%
ethnicities
Peer-focused recitation
25.7%
20.9% 19.8% 11.9% 15.8% 5.9%
This table shows the percent of students with each letter grade. Student final grade distribution
was statistically analyzed using chi-square tests for independence. The final letter grade
distribution for white students and students from other ethnicities were significantly different (p<
.001 and p= .005 respectively) under three different teaching instructions studied. Despite of the
teaching instructions experienced, the final letter grade distribution was statistically identical for
black or African American students (p= .184). The frequencies of white students with final letter
grades of A and F were significantly higher and lower respectively (standardized residual= 3.3
and -2.1 respectively) under peer-focused recitation instructions. The cells which made a
significant contribution for the statistical difference are denoted by an asterisk (*) mark.
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Table A.4

Final grade distribution of students categorized by gender and sub-categorized by
teaching approach.

Gender

Teaching approach
A
B
C
D
F
W
Traditional lecture-based
Female classroom
25.8% 21.3% 20.6% 11.7% 13.3% 7.3%
Instructor led recitation
18.1%* 20.3% 23.5% 18.9%* 14.9% 4.3%
Peer-focused recitation
30.3%* 22.0% 18.8% 10.3% 11.3% 7.3%
Traditional lecture-based
Male
classroom
22.3% 20.3% 22.2% 12.0% 15.5% 7.6%
Instructor led recitation
10.9%* 14.9% 20.2% 18.5%* 27.0%* 8.5%
Peer-focused recitation
28.1%* 19.0% 19.9% 12.0% 14.5% 6.4%
This table shows the percent of students with each letter grade. Student final grade distribution
was statistically analyzed using chi-square tests for independence. The results were statistically
significant for both genders, p< .001. The standardized residuals for letter grade A under peerfocused recitation method was 2.8 for male students and 2.0 for female students, implying that a
larger number of both male and female students have successfully completed general chemistry I
course with letter grade A under peer-focused recitation program. The cells which made a
significant contribution for the statistical difference are denoted by an asterisk (*) mark.
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Figure A.4

Final letter grade distribution for students who followed CH1223 course in Spring
17.

Striped gray bars indicate percentage of students enrolled to CH1223 course followed by
CH1213 under peer-focused recitation program in MSU, while dotted bars represent percentage
of students transferred into CH1223 with no peer-focused recitation experience. Asterisks (*)
denotes if observed values were significantly different than the expected values.
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SUPPORTING INFORMATION: EYE TRACKING STUDIES TO SUPPORT STUDENT
METACOGNITION WITH CHEMISTRY WORD PROBLEMS
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B.1

Pre and post test questions used in the study

The same set of questions were used for the both experimental and control groups. The
first question was remained same for the pre and post-tests.
Pre-test
1. If 3.20 g of Fe(OH)2 is treated with 2.50 g of phosphoric acid, which reactant is
limiting and how much product is produced?
3 Fe(OH)2 + 2 H3PO4 → Fe3(PO4)2 + 6 H2O
2. If 80.0 g of iodine(V) oxide, I2O5, reacts with 28.0 g of carbon monoxide, CO, which
reactant is limiting and how much product is produced?
I2O5 + CO → CO2 + I2
3. If 25.0 g Silver nitrate, AgNO3, reacts with 45.0 g ferric chloride, FeCl3, to give silver
chloride, AgCl, and ferric nitrate, Fe(NO3)3, which reactant is limiting and how much
product is produced?

Post-test
1. If 3.20 g of Fe(OH)2 is treated with 2.50 g of phosphoric acid, which reactant is
limiting and how much product is produced?
3 Fe(OH)2 + 2 H3PO4 → Fe3(PO4)2 + 6 H2O
2. If 3.50 g of Cu is reacted with 6.00 g of AgNO3, which reactant is limiting and how
much product is produced?
Cu + AgNO3 → Cu(NO3)2 + Ag
3. If 14.8 g of C3H8 is reacted with 3.44 g of O2 to produce CO2 and H2O, which
reactant is limiting and how much product is produced?
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B.2

Instructor’s key

The same grading rubric was used for grading the both pre and post-tests.
Pre-test
1) If 3.20 g of Fe(OH)2 is treated with 2.50 g of phosphoric acid, which reactant is
limiting and how much product is produced?
3 Fe(OH)2 + 2 H3PO4 → Fe3(PO4)2 + 6 H2O

3.20 g
Fe(OH)2

2.50 g H3PO4

1 mol
89.85 g

6 mol H2O
3 mol Fe(OH)2

18.02 g
1 mol H2O

1 mol
97.99 g

6 mol H2O
2 mol H3PO4

18.02 g
1 mol H2O

= 1.28 g
H2O

= 1.38 g
H2O

Limiting reagent: Fe(OH)2
Product produced: 1.28 g H2O
OR
3.20 g
Fe(OH)2

2.50 g H3PO4

1 mol

1 mol Fe3(PO4)2

89.85 g

3 mol Fe(OH)2

1 mol

1 mol Fe3(PO4)2

97.99 g

2 mol H3PO4

357.48 g
1 mol
Fe3(PO4)2
357.48 g
1 mol
Fe3(PO4)2

= 4.24 g Fe3(PO4)2

= 4.56 g Fe3(PO4)2

Limiting reagent: Fe(OH)2
Product produced: 4.24 g Fe3(PO4)2

2. If 80.0 g of iodine(V) oxide, I2O5, reacts with 28.0 g of carbon monoxide, CO, which
reactant is limiting and how much product is produced?
I2O5 + CO → CO2 + I2
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I2O5 + 5CO --------> 5CO2 + I2

80.0g I2O5

1 mol
333.81 g

5 mol CO2
1 mol I2O5

44.01 g
1 mol

= 52.7 g CO2

28.0 CO

1 mol
28.01 g

5 CO2
5 CO

44.01 g
1 mol

= 44.0 g CO2

Limiting reagent: CO
Product produced: 44.0 g CO2
OR
I2O5 + 5CO --------> 5CO2 + I2
80.0g I2O5

1 mol
333.81 g

1 mol I2
1 mol I2O5

253.81 g
1 mol

= 60.8 g I2

28.0 CO

1 mol
28.01 g

1 mol I2
5 CO

253.81 g
1 mol

= 50.7 g I2

Limiting reagent: CO
Product produced: 50.74 g I2
3. If 25.0 g Silver nitrate, AgNO3, reacts with 45.0 g ferric chloride, FeCl3, to give silver
chloride, AgCl, and ferric nitrate, Fe(NO3)3, which reactant is limiting and how much
product is produced?
3AgNO3 + FeCl3 -------> 3AgCl + Fe(NO3)3
25.0 g AgNO3

1 mol
169.88 g

3 mol AgCl
3 mol AgNO3

143.32 g
1 mol

= 21.1 g AgCl

45.0 g FeCl3

1 mol
162.20 g

3 mol AgCl
1 mol FeCl3

143.32 g
1 mol

= 119.3 g AgCl

Limiting reagent: AgNO3
Product produced: 21.1 g AgCl
OR
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3AgNO3 + FeCl3 -------> 3AgCl + Fe(NO3)3
25.0 g AgNO3

1 mol
169.88 g

1 mol Fe(NO3)3
3 mol AgNO3

241.85 g
1 mol

= 11.9 g Fe(NO3)3

45.0 g FeCl3

1 mol
162.20 g

1 mol Fe(NO3)3
1 mol FeCl3

241.85 g
1 mol

= 67.1 g Fe(NO3)3

Limiting reagent: AgNO3
Product produced: 11.9 g Fe(NO3)3

Post test
1. If 3.20 g of Fe(OH)2 is treated with 2.50 g of phosphoric acid, which reactant is
limiting and how much product is produced?
3 Fe(OH)2 + 2 H3PO4 → Fe3(PO4)2 + 6 H2O
3.20 g
Fe(OH)2

2.50 g H3PO4

1 mol
89.85 g

6 mol H2O
3 mol Fe(OH)2

18.02 g
1 mol H2O

1 mol
97.99 g

6 mol H2O
2 mol H3PO4

18.02 g
1 mol H2O

= 1.28 g
H2O

= 1.38 g
H2O

Limiting reagent: Fe(OH)2
Product produced: 1.28 g H2O
OR
3.20 g
Fe(OH)2

2.50 g H3PO4

1 mol
89.85 g

1 mol Fe3(PO4)2
3 mol Fe(OH)2

357.48 g
1 mol Fe3(PO4)2

= 4.24 g Fe3(PO4)2

1 mol
97.99 g

1 mol Fe3(PO4)2
2 mol H3PO4

357.48 g
1 mol Fe3(PO4)2

= 4.56 g Fe3(PO4)2

Limiting reagent: Fe(OH)2
Product produced: 4.24 g Fe3(PO4)2
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2. If 3.50 g of Cu is reacted with 6.00 g of AgNO3, which reactant is limiting and how much
product is produced?
Cu + AgNO3 → Cu(NO3)2 + Ag
Cu + 2 AgNO3 --------> 3 Cu(NO3)2 + 2 Ag
3.50 g Cu
1 mol
2 mol Ag
63.55 g
1 mol Cu
6.00 g AgNO3

1 mol
169.87 g

2 mol Ag
2 mol AgNO3

107.87 g
1 mol Ag

= 11.9 g Ag

107.87 g
1 mol Ag

= 3.81 g Ag

Limiting reagent: AgNO3
Product produced: 3.81 g Ag
OR
Cu + 2 AgNO3 --------> 3 Cu(NO3)2 + 2 Ag
3.50 g Cu
1 mol
3 Cu(NO3)2
63.55 g
1 mol Cu
6.00 g AgNO3

1 mol
169.87 g

187.56 g

3 Cu(NO3)2
2 mol AgNO3

= 30.4 Cu(NO3)2
1 mol Cu(NO3)2

187.56 g
1 mol Ag

= 9.94 g Cu(NO3)2

Limiting reagent: AgNO3
Product produced: 9.94 g Cu(NO3)2

3. If 14.8 g of C3H8 is reacted with 3.44 g of O2 to produce CO2 and H2O, which reactant is
limiting and how much product is produced?
C3H8 + 5O2 -------------> 3 CO2 + 4 H2O
14.8 g C3H8
1 mol
4 H2O
44.10 g
1 C3H8
3.44 g O2

1 mol
32.00 g

4 mol H2O
1 mol C3H8

Limiting reagent: O2
Product produced: 7.74 g H2O
OR
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18.02 g H2O
1 mol

= 24.2 g H2O

18.02 g H2O
1 mol

= 7.70 g H2O

C3H8 + 5O2 -------------> 3 CO2 + 4 H2O
14.8 g C3H8

1 mol
44.10 g

4 H2O
1 C3H8

44.01 g CO2
1 mol

= 44.4 g CO2

3.44 g O2

1 mol
32.00 g

4 mol H2O
1 mol C3H8

44.01 g CO2
1 mol

= 2.83 g CO2

Limiting reagent: O2
Product produced: 2.83 g CO2

B.3

Grading rubric

Question
number
1

Points
4
10
4
4
6

2

10
4
10
4
4
4

3

10
4
10
4
4
4

Total

If…
The student uses the correct amounts of reactants to calculate the
amount of product produced.
The student uses correct molar ratios.
The student calculates the limiting reagent comparing the same product.
The student calculates the amount of product produced correctly for
both reactants.
The student identifies the limiting reagent and amount of product
produced.
The student balances the chemical equation.
The student uses the correct amounts of reactants to calculate the
amount of product produced.
The student uses correct molar ratios.
The student calculates the limiting reagent comparing the same product.
The student calculates the amount of product produced correctly for
both reactants.
The student identifies the limiting reagent and amount of product
produced.
The student balances the chemical equation.
The student uses the correct amounts of reactants to calculate the
amount of product produced.
The student uses correct molar ratios.
The student calculates the limiting reagent comparing the same product.
The student calculates the amount of product produced correctly for
both reactants.
The student identifies the limiting reagent and amount of product
produced.

100
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Number of students

14

12
10
8
6
4
2
0
0-20

21-40

41-60
61-80
Predicted pre-test score

Experimental group

81-100

Control group

Number of students

14

12
10
8
6
4
2
0
0-20

21-40

41-60

61-80

81-100

Predicted post-test score
Experimental group

Figure B.1

Control group

Distribution of predicted scores for the A) pre-test and B) post-test.
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Normalized gain of the predicted scores

1.5
1
0.5
0
0-20

21-40

41-60

61-80

81-100

-0.5
-1
Predicted pre-test score
Experimental group

Control group

Figure B.2

Normalized gain of predicted post-test scores categorized by predicted pre- test
scores. Error bars indicate standard error.

Table B.1

Summary of student response towards the Likert scale survey questions (average ±
standard error)

Control
Experimental
Questions (1-5 Likert scale responses;
group
group
1 = strongly disagree; 5 = strongly agree,)
1. I read all the given worked examples attentively.
4.73 (±.15)
4.73 (±.15)
2. I actively participated on all those worked examples.
4.67 (±.13)
4.87 (±.10)
3. The worked examples given helped me to think and
4.40 (±.16)
4.27 (±.25)
understand important factors in chemistry problem solving.
4. The worked examples were a good support to understand the
4.60 (±.13)
4.80 (±.11)
calculation steps and learning material.
5. The worked examples helped me understand possible errors
4.53 (±.17)
4.67 (±.21)
and mistakes in chemistry problem solving.
6. The worked examples increased my confidence to face new
4.00 (±.24)
4.47 (±.27)
“Limiting reagent” practice problems successfully.
7. I performed better on the post- test than the pre-test because
3.80 (±.36)
3.73 (±.35)
reviewing worked examples helped me to understand the
learning materials and calculation steps.
8. I like to see this kind of worked examples used as an
4.20(±.22)
4.40 (±.21)
instructional tool.
1 = strongly disagree, 2 = disagree, 3 = neither agree nor disagree, 4 = agree, 5 = strongly agree
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C.2

Proper use of micropipettes, buffers, concentration, and dilutions

Learning outcomes
•

Proper use of variable volume micro pipettors

•

Prepare buffer solutions for future experiments

•

Learn how to express concentration of a solution in different ways

•

Learn how to make dilutions from a concentrated solution

Introduction
Proper use of micropipettes
In biochemistry, measuring and transferring small volumes of liquids is critical for high
accuracy and reproducibility of results. We use micropipettes to measure small volumes less than
1 mL. Micropipettes come in different volume sizes: P2.5, P10, P20, P100, P200, P1000 µL.
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Micropipette model
Large volume model: 1-1000 μL in 2.0 μL increments (P-1000)

Recommended
volume range
200 to 1000 µL

Mid volume model: 2-200 μL in 0.2 μL increments (P-200)

20 to 200 µL

Mid volume model: 1-100 μL in 0.2 μL increments (P-100)

10 to 100 µL

Small volume model: 1-20 μL in 0.02 μL increments (P-20)

2 to 20 µL

Small volume model: 1-10 μL in 0.02 μL increments (P10)

0.5 to 10 µL

Small volume model: 0.1-2.5 μL in 0.01 μL increments (P2.5)

0.1 to 2.5 µL

How to use a micro pipette
1. Place the tip on the pipette and tighten with your fingers, being careful not to touch the very
tip.
2. Set volume using volume control knob until “volume window” displays the exact volume.
Make sure not to pass above or below their volume limits as it will damage the pipette.
3. Hold the pipette vertically over the solution you want to draw up. Push the plunger down to
the first stop. Be careful to not drive past the first stop.
4. Put the tip into the solution to a depth of a few millimeters.
5. Slowly let the plunger come up as the solution is drawn into the tip. After the plunger is all the
way up, hold the tip in the solution for a couple of seconds to make sure that the solution is not
still moving.
6. Look at the tip to make sure that you drew up the correct amount of solution.
7. Move the pipette to the vessel that you want to dispense into. Touch the tip to the side of the
vessel.
8. Slowly depress the plunger to the first stop and then past the first stop to the second stop. This
will blow the solution out of the tip.
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9. Change tips between different samples to avoid contaminating solutions. Use the tip ejector to
dispose of the tip.
10. Do not drop micropipettes or lay them on their side if they have liquid in a tip.
Buffers
A buffer is a solution that can resist pH change upon the addition of an acidic or basic
component. It can neutralize small amounts of added acid or base, thus maintaining the pH of the
solution relatively stable. This is important for processes and/or reactions which require specific
and stable pH ranges. Buffer solutions have a working pH range and capacity which dictate how
much acid/base can be neutralized before pH changes, and the amount by which it will change.
Buffer solutions are extremely important in biology and medicine because most
biological reactions and enzymes need very specific pH ranges in order to work properly. The
phosphates are among the widely used buffers. These solutions have a high buffering capacity
and are very useful in the pH range 6.5 to 7.5. Because phosphate is a natural constituent of cells
and biological fluids, its presence affords a more “natural” environment than many buffers.
Concentration
An aqueous solution consists of at least two components, the solvent (e.g. water) and the
solute (the stuff dissolved in the solvent). Concentration is a measure of the amount of the solute
dissolved in the solution.
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Concentration can be expressed in different ways.
Units of
concentration

Formula

Description

Weight to volume
percentage (%
w/v)

%w/v = weight of solute x 100%
volume of solution

Has units of grams/ 100 mL.
e.g. A 1 %w/v solution has 1 g
of solute in a total of 100 mL of
solution.

Mass per volume
(mg/L)

Mass per vol.= mass of solute
volume of solution

Can have units like mg/mL,
g/mL, or g/L

Molarity (M)

Molarity = moles of solute
volume in liters

Molality (m)

Molality = moles of solute
mass of solvent

Parts per million
(ppm)

ppm = mass of solute x 106
mass of solution

The number of moles of solute
per liter of solution. SI unit
molL-1
The number of moles of solute
per kilogram of solvent. SI unit
molkg-1
The number of milligrams of
solute per kg of solution = one
ppm, since 1 mg = 10-3 g and 1
kg = 103 g.

Dilutions
Reduction of the solute concentration in a solution is called dilution. The equation C.1 is
imply used to prepare dilute solutions from concentrated stock solutions:
C1V1 = C2V2

(C.1)

where C1 is the concentration of the initial stock solution, V1 is the volume of the initial stock
solution, C2 is the desired final concentration, and V2 is the desired final volume. With this
equation you can use any units for concentration and volume; same units must be used on both
sides of the equal sign. The ratio between the volume of the initial concentrated solution to the
volume of the final dilute solution is called the dilution factor (DF). That is, the ratio of V1 to V2
(V1:V2). The dilution factor can be simply calculated using the equation C.2.
Dilution factor = V2 /V1
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(C.2)

Example: i) How do you prepare 200 µL of 20 µg/mL BSA solution from a 1000
µg/mL BSA solution? ii) Calculate the dilution factor of the solution you prepared.
i) First, we should calculate the volume of stock solution (V1) to be added to yield
desired concentration. In this case, C1 = 1000 µg/mL; C2 = 20 µg/mL, and V2 = 200
µL. We can rearrange the dilution equation to calculate V1;
V 1 = (V2 x C 2)/C1
V 1 = (200 µL x 20 µg/ml) /1000 µg/mL = 4 µL
Volume of solvent (water) required = desired volume – volume from stock
= 200 µL - 4 µL = 196 µL
Therefore, you can prepare 200 µL of 20 µg/mL BSA solution by mixing 4 µL of the
stock solution with 196 µL solvent (water).
ii) DF = 200 µL/4 µL = 50

Multiple dilutions
When you have multiple dilutions, calculate the dilution factor for each single step of
dilution. For example, if we make a dilution three times,

DF1 = V2 / V1
DF2 = V2/ / V1/
DF3 = V2// / V1//
DFtotal = DF1 x DF2 x DF3

(C.3)

In order to calculate the final concentration, divide the initial concentration with the total dilution
factor.
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C final =

C1
DF

(C.4)

Important!
•

If you wish to make a 1 µg/mL solution from the same stock solution in the example, you
need to mix 0.2 µL of the stock solution with 199.8 µL of solvent to make 200 µL of 1
µg/mL BSA.
Problem! It is very difficult and not accurate to pipette very small volumes such as 0.2 µL.
To get around this, you have two options;
i.

Increase the final volume. (You may do this only if the final concentration is important,
and the final volume is not), or

ii.

Follow serial dilutions. (Instead of a single step 1000 times dilution, use step-wise
dilution, i.e. dilute the stock solution, and then further dilute the diluted solution).

•

If only the final concentration is important, and the final volume is not, avoid volumes like
1.3333 µL as we cannot set the pipet for those values. You can change the V2 so that you get
a whole number for V1.

Materials and reagents
•

Various variable volume micropipettes

•

Analytical balance

•

DI water bottles

•

Disposable pipette (droppers)

•

Magnetic stirrer and stir bar

•

Spatula

•

Conc. HCl and conc. NaOH

•

1L beaker
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•

Graduated cylinder (500 mL)

•

Parafilm

•

Weigh papers/ weigh boat

•

pH meter

•

Na2HPO4 (anhydrous)

Safety and hazards
Wear proper PPE when handling solutions. Concentrated HCl and concentrated NaOH
solutions are hazardous. Caution should be used when transferring these chemicals. Anhydrous
Na2HPO4 can cause serious eye irritation.
Procedure
Proper use of micropipettes
1. Complete the table provided in the data sheet by using appropriate micropipettes to measure
listed volumes of water. Make sure you use the correct size for pipette and tips.
2. Set a pipette tip to the micropipette.
3. Place a weighing boat on the balance and tare the weight to zero. Draw up the given volume
of water and dispense it onto the weighing boat. Record each mass of the water. Record the
temperature in the laboratory.
Making buffers
1. Calculate the mass of NaH2PO4 required to prepare 500 mL of a) 0.025 M, b) 0.1 M
phosphate buffer. Show your calculations in your lab report. Hint: Molecular weight of
NaH2PO4 is 119.98 gmol-1.
2. Add the appropriate amount of NaH2PO4 (anhydrous) into a 1 L beaker.
3. Add appropriate volume of deionized water into the beaker using a graduated cylinder.
4. Dissolve NaH2PO4 in water completely using a magnetic stirrer and a stir bar.
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5. Adjust the pH to 7.2 using the following instructions.
6. Wash the tip of the pH electrode with distilled water.
7. Dip the pH electrode into your buffer solution and hit the measure button in the pH meter.
8. Wait until it gives a constant value to read the pH.
9. Add little volumes of HCl or NaOH drop-wise using disposable (dropper) pipettes
appropriately to adjust pH to 7.2
•

If pH of your buffer solution is greater than 7, add HCl or if pH is less than 7, add NaOH
drop-wise to bring the pH to 7.

•

After each addition, mix the solution thoroughly before reading the pH.

10. Label your buffer bottle with the name of the solution, concentration, pH, volume, yours and
your partner’s names, and the date. Ask your TA for storage location so that you can use
your buffer in subsequent labs.
Data sheet: Proper use of micropipettes, concentration, dilutions, buffers
Note: Show all the steps of your work.
1. Complete the following table.
Temperature in the Laboratory
_________oC
Volume of water to be measured
using the micropipette (uL)
Volume range of the pipette used
Mass of water (g)

Pipette 1:
………………….
Trial 1
Trial 2
17.5

Observed volume of water:
Volume = mass / density
Average volume of the two trials
Average volume= (trial 1 vol. + trial
2 vol.) / 2
Note. Density of water at varying temperatures
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Pipette 2:
………………………
Trial 1
Trial 2
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Temp. oC

Density (g/mL)
0.9991026

Temp. oC
23

Density (g/mL)
0.9975415

16

0.9989460

24

0.9972995

17

0.9987779

25

0.9970479

18

0.9985986

26

0.9967867

19

0.9984082

27

0.9965162

20

0.9982071

28

0.9962365

21

0.9979955

29

0.9959478

22

0.9977735

30

0.9956502

15

2. Calculate the % error between the average of the two trials and the true value:
% error = average volume – true volume x 100
true volume

(C.5)

a. % error for 75.0 µL
b. % error for 122.5 µL
3. Calculate the mass of Na2HPO4 required to prepare;
a. 500 mL of 0.025 M phosphate buffer
b. 500 mL of 0.1 M phosphate buffer
4. What is the molarity of a 6.2 mg/L solution of NaCl?
5. The Maximum Acceptable Concentration (MAC) of Pb in drinking water is 10 ppb. If a
sample has concentration of 55 nM, does it exceed the MAC?
6. Suppose you buy a concentrated fruit juice can and instructions says that you must mix 1
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can of juice with 3 cans of water. If concentrated juice has a density of 0.5 mg/mL,
a. What would be the concentration of your drink?
b. Calculate the dilution factor.
7. Describe how you would prepare a 1-liter aqueous solution of each of the following solid
reagents. Hint: Molecular formula of glucose C6H12O6, Glycine C2H5NO2
a. 1 M glycine
b. 0.5 M glucose
8. Describe how you would make 200 mL of a 0.1 M solution of a substance that has a
molecular weight of 121.1 g/mol?
9. If you take 10 mL of the solution you made in question 8, add 90 ml of water, mix and
then take 5 ml of the mixture and bring it to 25 ml, what will be the concentration of the final
solution in molar, millimolar, and micromolar?
10. For an experiment, you are going to prepare 3 mmol/L concentrated protein solution from
a 20 mmol/L solution. Write down the steps you would follow. (Hint: If the final volume
(V2) is not specified, first you should decide the volume of the dilution you prepare. Make V1
convenient to pipet.)
11. Explain how you would prepare 1 mL of 0.05 mg/mL salt solution from a 250 mg/mL
concentrated salt solution. (Hint: What will you do if the pipetting volume of the stock
solution is too small?)
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12. Describe how you would prepare 100 mL of a single solution containing all the following
reagents at the designated concentrations. (show all your calculations)
a. 0.1 M NaCl
b. 0.05 M glucose
c. 5% wt/vol alanine
d. 1 mg/mL urea
Hint: Molecular formula of glucose C6H12O6, Urea CO(NH2)2

C.3

UV/vis spectroscopy and Bradford assay

Learning outcomes
•

Skills on using UV/vis spectrometer

•

Prepare and plot calibration curves for quantitative analysis

•

Determine unknown protein concentration using Bradford assay

Introduction
UV/vis spectroscopy
Almost all biochemical experiments eventually use spectrometry to measure the amount
of a substance in solution. A UV/vis spectrometer directs a beam of ultraviolet (200-400 nm) or
visible light (400-700 nm) through a sample. The sample may absorb some of the light (energy)
to promote electrons to higher energy levels (Figure C.1a). The spectrophotometer measures the
intensity of light transmitted (called transmittance, T) that is not absorbed by the sample
molecules (Figure C.1b).
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A

Figure C.1

B

A) Electron excitation, B) light through sample

Transmittance is defined as:
T = I / Io

(C.6)

where: Io= intensity of the incident light, I = intensity of the transmitted light
The relationship between transmittance (T) and absorbance (A) is given by the following
equation:
A = -log (I/Io)

(C.7)

Absorbance has no units and ranges from 0 to 2. The Beer-Lambert Law states the
dependence of the sample concentration (c), path length of the cuvette and the molar extinction
coefficient on the absorbance.
Beer-Lambert Law:
A = ɛcl

(C.8)

where: ε = molar extinction coefficient (M-1cm-1), c = sample concentration (mol/L), l = path
length of cuvette (usually 1 cm)
In absorbance spectrum of a compound, light absorbed by that compound is plotted
against wavelength. Peaks correspond to the wavelengths of light absorbed, and troughs
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correspond to wavelengths of light transmitted (Figure C.2). As peak height at a specific
wavelength correlates to the sample concentration, we can use UV/vis spectroscopy to determine
the concentration of a sample.

Figure C.2

Absorbance spectrum

Important!
•

Absorbance values greater than 2 are unacceptable because only a little light reaches the
detector, indicating a poor measurement. If your reading is greater than 2, dilute the sample
and repeat the measurement.

•

Before you place the cuvette in the spectrophotometer wipe the optical faces of the cuvettes
with kimwipes. Make sure there are no fingerprints on cuvette faces, and no air bubbles or
floating or deposited (undissolved) particles in the solution.

•

There can be other substances in the solution (or the solvent itself) that also absorb the same
wavelength as your test sample. Therefore, first we 'blank' on a reference cuvette which
contains everything in the test solution except the substance you are analyzing. Then you
measure the sample reading relative to the base reading.
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Bradford protein assay
The Bradford protein assay was developed by Marion M. Bradford. It is a quick, simple,
and accurate colorimetric method for quantitative analysis of protein. The Coomassie brilliant
blue G-250 dye appears in three different forms: cationic (red), neutral (green), and anionic
(blue). When the dye binds to protein, it is converted from protonated red form to unprotonated
blue form shifting λmax from 470 nm to 595 nm. This blue color development is detected at 595
nm using a spectrophotometer. The absorbance at 595 nm is directly proportional to the protein
concentration. Hence a calibration curve is plotted, absorbance versus protein concentration for
known protein concentrations. Then unknown protein concentrations can be determined using
the slope of the graph.
Materials and reagents
•

Micropipettes and tips

•

Vernier UV-vis spectrophotometer

•

Plastic cuvettes

•

Coomassie (Bradford) assay reagent

•

Bovine serum albumin (BSA) stock solution (1000 µg/mL)

•

Test tubes and a test tube rack

•

Protein samples (egg albumin, casein milk)

•

Sodium phosphate buffer (100 mM, pH 7.2)

Safety and hazards
Wear proper PPE when performing this experiment. All solutions should be discarded in
appropriate waste containers.
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Procedure
1. You have been provided 250 µL of 1000 µg/mL BSA in an Eppendorf tube, labelled as “A”.
You will prepare 750 µg/mL, 500 µg/mL, 250 µg/mL, and 125 µg/mL concentrated
standards with serial dilutions. Calculate the volume of BSA stock required to prepare each
standard using the equation, C1V1 = C2V2. Complete the table in the data sheet to determine
the volumes that you should mix to make each set of standards. Confirm your calculations
with your TA to make sure they are correct.
2. Label a test tube as “buffer”. Transfer roughly 5-10 mL of your prepared buffer solution into
your labelled test tube.
3. Obtain 6 eppendorf tubes. Label them B to F (BSA stock is labelled as “A”).
4. Use micro pipettors to pipet the calculated amounts of BSA and buffer into the corresponding
eppendorf tube.
Note: When you are measuring appropriate volumes, make sure you choose the right micro
pipette with the minimum error.
5. Obtain 8 test tubes. Label them A to H.
6. Add 60 µL of each standard or unknown sample into each. Add the two unknowns to the last
two test tubes; one unknown solution for each.
7. Add 3.0 mL of the Coomassie Reagent to each tube and mix well.
8. Incubate samples for 5-10 minutes at room temperature for consistent results. While the
samples are incubating, switch on the spectrophotometer and allow the instrument to warm
up for 5-10 minutes.
Instruction to use the SpectroVis Plus spectrometer
9. Turn on the computer. Click sign in.
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10. Plug the SpectroVis Plus spectrophotometer into the USB port on the computer.
11. Click on the logger Pro program on the desktop.
12. To calibrate the SpectroVis Plus, choose experiment (on the top tool bar) ► calibrate ►
spectrophotometer from the Experiment menu. Note: For best results, allow the
spectrophotometer to warm up for a minimum of five minutes before calibration.
13. Fill a cuvette about 3/4 full with distilled water (or the buffer) to serve as the blank. After the
spectrophotometer has warmed up, place the blank cuvette in the spectrophotometer. Align
the cuvette so the clear side of the cuvette is facing the light source.
14. Follow the instructions in the dialog box to complete the calibration, and then click OK.
15. Remove the blank cuvette from the spectrophotometer.
16. Fill a cuvette about 3/4 full of a sample of the solution to be tested. Start collecting data from
the lowest to highest concentration. Then you can use the same cuvette for collecting data for
all the standard solutions.
17. Place the sample in the spectrophotometer and click “collect”. Click “stop” to end data
collection.
18. Click the “configure spectrophotometer data collection” button (Figure C.4 shows dialog box
for configure spectrophotometer data collection). Select absorbance (or %T) vs.
concentration as the data-collection mode. Change units into µg/mL. Select the wavelength
with the maximum value from the spectrum (λ max), which should be around 595 nm.
19. Click OK to continue.
20. While your first sample is in the cuvette slot of the spectrophotometer click “collect”. After
the readings stabilize, click “keep”. Enter the concentration of the sample and click OK.
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21. Place your second sample in the cuvette slot. After the readings stabilize, click “keep”. Enter
the concentration of the second sample and click OK.
22. Repeat step 21 for the remaining samples. When finished, click “stop” to end data collection.
23. Select the absorbance vs concentration graph. Click “linear fit” from the toolbar to see the
best fit line equation for the standard solutions.
24. Place the unknown sample 1 in the cuvette holder. Click “collect”. Click on the absorbance
vs concentration graph to select it. Choose “interpolation calculator” from the analyze menu.
A helper box will appear, displaying the absorbance and concentration of the unknown. Click
OK.
25. Repeat step 24 for the unknown sample 2.
26. Click “stop”. Disconnect the spectrophotometer.
Data sheet: UV/vis spectroscopy and Bradford assay
Complete the following table of dilutions for BSA standards.
Vial
A

Source of
BSA
BSA stock

Volume from
the source/ µL
-

B

Vial A

100

750

C

Vial A

200

500

D

Vial C

200

250

E

Vial D

200

125

F

0

200

“blank”

0

Volume of
buffer/ µL
-

Total
volume/ µL
250

BSA concentration/
µg/mL
1000

200

1. Why do you need to use a blank for the spectrophotometer?
2. What is the blank you used in the Bradford assay?
3. Aliquots of a 0.5 mg/mL standard of BSA are used to construct a standard curve for the
Bradford protein assay. The tubes contain the following amounts of the BSA solution: 0, 20,
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40, 60, 80, and 100 µL. The corresponding absorbencies after adding Bradford reagent are 0,
0.05, 0.09, 0.14, 0.19, and 0.22. If you take 10 µL of a mixture, add it to Bradford reagent,
and measure an absorbance of 0.08, what is the protein concentration of the diluted
unknown?
4. You add 3 mL of water to 1 mL of bovine serum albumin (BSA), mix and get an absorbance
of 0.2. What is the concentration of the original BSA solution if it has a molar extinction of
43800 M-1cm-1 at 595 nm? (Assume the pathlength is 1 cm)
C.4

Protein extraction from lysed yeast

Learning outcomes
•

Learn how to isolate a protein from its cellular source

•

Perform an initial purification of cytochrome c from lyzed yeast cells.

•

Application of cation exchange chromatography- batch method

Introduction
Whey protein, lactase pills, soy protein, insulin drugs, and lipase supplements are a few
examples of proteins which are isolated from starting materials in the laboratory. In order to
isolate and extract a desired protein we need to separate all the other protein and non-protein
fractions from the protein you want. In this lab, we will purify the protein cytochrome c from
Saccharomyces cerevisiae. This yeast can be purchased from the store as Baker's yeast.
Protein purification is challenging as separation techniques can vary for different proteins
depending on their molecular structures, size, physio-chemical properties, availability of starting
material, and the expected yield. Ordinarily a protein purification protocol consists of one or
more chromatographic steps all designed to isolate one component in the mixture. The basic
procedure in chromatography is to flow the solution containing the protein through a column
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packed with various materials. Different proteins interact differently with the column material
and can thus be separated by the time required to pass thru the column, or the conditions required
to elute the protein from the column.
In this experiment, we separate a solution of lysed yeast cells using cation exchange
chromatography. Ion exchange chromatography involves the separation of molecules based on
their total charge. The charge carried by the molecule of interest can be readily manipulated by
changing buffer pH. Ion exchange chromatography is commonly used to separate charged
biological molecules such as proteins, peptides, amino acids, or nucleotides. The amino acids
that make up proteins are zwitterionic compounds that contain both positively and negatively
charged chemical groups. Depending on the pH of their environment, proteins may carry a net
positive charge, a net negative charge, or no charge. The pH at which a molecule has no net
charge is called its isoelectric point, or pI. The pI value can be calculated based on the primary
sequence of the molecule and the choice of buffer pH then determines the net charge of the
protein of interest.
•

In a buffer with a pH greater than the pI of the targeted protein, the protein will carry a
net negative charge, therefore; a positively charged anion exchange rein is chosen to
capture this protein.

•

In a buffer with a pH lower than the pI of the targeted protein, the protein carries a
positive net charge, thus a negatively charged cation exchange resin is chosen.
For this experiment, you will use bio-rex 70 resin as the column material. Bio-rex 70 is a

weak cation exchange resin composed of polymer beads containing carboxylic acid exchange
groups. When an ion exchange chromatography column is loaded with a sample at a particular
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pH, all proteins that are appropriately charged (positively charged in this case) will bind to the
resin. A good rule of thumb for choosing a buffer pH is following:
•

Anion exchanger: 0.5-1.5 units greater than the pI of the protein of interest

•

Cation exchanger: 0.5- 1.5 units less than the pI of the protein of interest
Cation exchanger

Anion exchanger

+

-

-

+

0.5-1.5 pH units below the pI
of the molecule of interest

0.5-1.5 pH units above
the pI of the molecule of
interest

Net charge of molecule of
interest
Charge of resin
Running conditions

You will bind lyzed yeast to a negatively charged resin, elute the soluble protein
fractions, remove impurities and other proteins via salt fractionation, chromatographically
separate the cytochrome c from other soluble proteins using a cation-exchange column,
concentrate the final product, check the final product for purity via SDS gel electrophoresis, and
then perform functional assays on the protein.
Materials and reagents
•

Dried Baker’s yeast cakes

•

Deionized water and water bottles

•

Graduated cylinders

•

Beakers (2 L)

•

Magnetic stir plates and stir bar

•

Hydrated bio-rex 70 cation-exchange resin

•

Chromatographic columns

•

Fraction collecting tubes

•

Elution buffer (0.8 M NaCl in 0.1 M sodium phosphate, pH 7.2)
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•

Ice in buckets

•

Beakers

•

Balance

•

Yeast/ethyl acetate mixture

Safety and hazards
Wear proper PPE in the laboratory. Dispose of all solutions in appropriate waste
containers.
Procedure
Sample preparation (This sample was prepared for you prior to the lab.)
1. Add approximately 850 mL of water into a 2 L beaker. Heat water to 100-110℉.
2. Transfer warm water into a big bucket.
3. Add roughly 200 g of sugar into the bucket containing warm water. Stir well.
4. Add 190 g active dry yeast into the sugar solution. Mix well.
5. Let the mixture stand for 10-15 mins. If mixture doubles in volume, the yeast is active.
6. Add 200 mL of 1.0 M NaCl and 100 mL of ethyl acetate to a large beaker.
7. Crumble 1-pound dried Bakers’ yeast cake into the NaCl /ethyl acetate solution and stir at
room temperature for approximately 18 hours.
Equilibrate resin (This is done for you prior to the lab.)
8. Place 50 g of the bio-rex 70 resin in a 1 L beaker with 0.1 M phosphate buffer. The volume
of buffer should be four to five times the volume of the resin.
9. Allow the resin to equilibrate for at least 30 minutes. Adjust the pH with acid or base to pH
of 7.0-7.2. Re-equilibrate. Repeat until pH is stable.
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10. When pH is stable, decant the buffer off and repeat steps 3 and 4 using fresh buffer. Repeat
until no pH change is noted when fresh buffer is added. This may take several buffer
changes.
Cation exchange chromatography (batch method)
11. Each group will obtain 400 mL of the stirred yeast/ethyl acetate mixture in a 2 L beaker.
12. Obtain 1 L of DI water and 50mL of equilibrated bio-rex-70 resin.
13. Add the water and resin to the yeast solution.
14. Stir the mixture for at least 40 minutes at medium to high speed using a magnetic stir plate. If
solution excessively foams, lower the stir speed.
15. After 30 minutes, turn off the magnetic stir plate. Allow the resin to settle to the bottom (⁓5
minutes). The solution above solid resin will still look cloudy.
16. Carefully decant the cloudy solution of lysed yeast into a waste container. The bio-rex-70
resin should remain at the bottom of the beaker. At this point, the resin will likely have a
pronounced color due to adsorbed cytochrome c.
17. Wash the resin twice by thoroughly re-suspending the resin in DI water, allowing it to settle,
and decanting off the water.
Eluting cytochrome c from the resin
18. Mark 5 mL level on 15-20 collection tubes.
19. Pre-wet the interior of your chromatography column with DI water to avoid bubbles.
20. Cap the bottom end. Carefully transfer your bio-rex resin containing cytochrome c protein
onto the top of the column.
21. Wash the column with 50 mL of DI water. Open the bottom end let water to elute slowly.
22. Keep a collection tube under the column to collect fractions.
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23. Elute cytochrome c off the resin by adding a minimal volume of elution buffer using a
disposable pipette. Collect 5mL fractions until there is no more pink in fractions.
24. Save your crude cytochrome c extract in the fridge for later experiments.
Resin regeneration
25. Rinse the column resin with 3 bed volumes of 0.5 M NaOH. When the pH of effluent is
greater than 9, the resin is completely converted into the sodium form.
26. Rinse the column with 4 bed volumes of deionized water and equilibrate according to the
procedure listed above in the section, “equilibrate resin”.
Data sheet: Extract protein from lysed yeast
1. What color was your resin before and after being bound with cytochrome c? Why do you
think it turned the color you observed?
2. What is present in the elution buffer that forces cytochrome c off the resin?
3. Design a method to determine the yield of cytochrome c after this separation.
4. If the column is loaded in a high salt buffer, do you think that is a problem? If yes, suggest a
method to solve that problem if the column is contaminated with high-salt buffer.
5. What are the factors affecting the resolution and capacity of an ion exchange
chromatographic column?
6. Comment on why a “too fast” or “too slow” flow rate in column chromatography is not
advisable for protein separation
7. If you are planning to separate cytochrome c using a) cation exchange chromatography or b)
anion exchange chromatography, what would be the ideal pH of loading buffer if the
protein’s isoelectric point (pI) value is 10?
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C.5

Ammonium sulfate precipitation

Learning outcomes
•

Use of salt fractionation to purify crude protein samples

•

Learn centrifugation separation techniques

•

Practice using micro concentrators to remove residual AS

Introduction
Protein extraction from lysed cells consists of several purification steps. Precipitation of
proteins by salt is one of the most common preparatory purification methods. Salts alter the
solubility of proteins and there can be two approaches used; “salting in” and “salting out”. In low
salt concentrations, salt ions shield charges and decrease charge-charge interactions between
protein molecules. Therefore, low salt concentration averts protein aggregation and increases the
solubility. This phenomenon called “salting in”. At high salt concentrations, salt ions interact
with all the water. Therefore, not enough water molecules are available for solvation of the
protein at high salt concentrations. Protein-protein interactions become predominant over
protein-water interactions. The solubility of protein molecules lowers and the proteins
precipitate. This phenomenon called “salting out”.
In practice, ammonium sulfate is the salt commonly used since it is highly water-soluble,
relatively cheap, effective, and available at high purity. Furthermore, it has no adverse effects
upon protein structure. An ammonium sulfate concentration is chosen which will precipitate the
maximum proportion of undesired protein whilst leaving most of the desired protein or enzyme
still in solution. While adding ammonium sulfate, great care must be taken to ensure that the salt
concentration of the whole solution increases uniformly without the occurrence of local high
concentrations which could precipitate the protein of interest along with the undesired proteins.
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Therefore, the solution is stirred continuously as small aliquots of crushed, solid ammonium
sulfate (or preferably saturated ammonium sulfate solution) are added. After each addition, the
ammonium sulfate is allowed to disperse fully before the next addition.
In the presence of a calculated amount of ammonium sulfate, unwanted protein is
precipitated. The desired protein still in solution is then separated by centrifugation and the
residue removed from solution. The ammonium sulfate concentration of the remaining solution
is increased to a value that will precipitate most of the desired protein while leaving the
maximum amount of residual protein contaminants still in solution. The precipitated protein is
recovered by centrifugation and dissolved in fresh buffer for the next stage of purification.
In this experiment, we will not attempt to salt-out the cytochrome c, as this is difficult
due to its low molecular weight and large positive charge. However, we will precipitate out
contaminating proteins via the introduction of 85% ammonium sulfate. After this addition,
precipitated proteins will be removed via centrifugation, and residual ammonium sulfate present
in the protein solution will be removed via protein concentrator spin columns. Adding
ammonium sulfate solution dilutes the protein concentration, so solid salt is preferable when
preparing the higher saturation levels.
Protein concentrators can be used for protein purification, concentrating, desalting, and
buffer exchange. These are used to filter the target proteins fast with high recovery, avoiding
lengthy dialysis steps. While proteins are retained by an appropriate ultrafiltration membrane,
salts can pass freely through the membrane. Through osmosis, the composition of the buffer in
the flow-through and retentate is the same after protein concentration. By diluting the
concentrate back to the original volume, the salt concentration is lowered. The concentrate can
be diluted with water or salt-free buffer if simple desalting is required; however, it is also
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possible to dilute the concentrate with a new buffer, thereby exchanging the buffering substance
entirely.
Materials and reagents
•

Cytochrome c crude extract (from experiment C.4)

•

Conical centrifuge tubes (50 mL and 15 mL)

•

Deionized water and wash bottles

•

Disposable pipettes

•

Beckman Coulter centrifuge

•

Beakers

•

Balance

•

Ammonium sulfate

•

Spatula

•

Glass rod

•

Magnetic stirrer/ stir bar

•

Protein concentrators

•

Weigh boats

•

Ethyl alcohol

•

Cheese cloth

•

Funnel

•

Graduated cylinders

Procedure
1. Measure the volume of your protein extract that was stored in the refrigerator last week and
record the volume on your data sheet. Pour the protein solution into a 150 mL beaker.
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2. Calculate the mass of solid ammonium sulfate required to saturate your protein solution to
achieve 85% concentration.
3. Measure the required amount of AS on the balance.
4. Slowly and gradually add solid AS, in small amounts, to the protein extract while gently
stirring on a stir plate; allow AS to dissolve completely prior to the next addition to prevent
foaming. It is important that no foaming of the solution occurs during ammonium sulfate
addition as this will cause denaturation of proteins.
5. Pour the solution into the provided conical tubes and balance them within 1 g.
6. Wipe and dry off the tube outside with paper towels.
7. Place the samples in the centrifuge. Make sure that the tubes balance across the center in the
centrifuge. Centrifuge the samples at 5,000 RPM for 20 minutes.
8. As soon as the centrifugation is done, take your samples out and carefully decant the
supernatant into a graduated cylinder. Record the volume of the supernatant on data sheet.
9. Discard the precipitate.
10. Filter the supernatant through cheese cloth (or glass wool) in a funnel to remove unwanted
material.
11. Pour the filtrate into protein concentrator sample chambers to remove residual AS. Balance
them within 1 g. If you have protein solution in only one concentrator, use water in the other
concentrator.
12. Wipe and dry off the tube outside with paper towels.
13. Place the concentrators in a swing bucket rotor. Make sure that concentrators have a proper
counter balance. Set the speed to 3000 RPM and time to 20 mins. Repeat the centrifugation
until the volume is reduced to 5-10 mL.
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14. Transfer the clear protein solution to a clean, labelled 15 mL conical tube and store in the
freezer.
15. Wipe the lab benches with alcohol before leaving lab.
Data sheet: Ammonium sulfate precipitation
1. Fill the following table.
Sample
Initial volume of the protein extract

Volume/ mL

Volume of supernatant after centrifugation with AS
Volume of protein solution after removing residual AS

2. Mass of solid ammonium sulfate required to saturate the supernatant to achieve 85%
concentration (show your calculations)
3. What are the other commonly used protein purification techniques?
4. What is the advantage of using ammonium sulfate precipitation compared to the other
protein purification methods?
5. Define the following words in terms of protein extraction and purification.
a. Extraction
b. Chromatography
c. Size exclusion chromatography
d. Ion exchange chromatography
e. Affinity chromatography
f. (Biological) centrifugation
C.6

Cation-exchange column chromatography

Learning outcomes
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•

Preparation in packing a column (or how to pack a column)

•

Application of cation exchange chromatography for protein separations

•

Ability to identify fractions containing protein through absorbance at a particular
wavelength

•

Instruction in the use of a micro-concentrator for excess solvent removal and
concentration of the purified protein

Introduction
The ability to reversibly bind molecules to immobilized charged groups is used in ion
exchange chromatography (IEC) of which cation exchange chromatography is one example.
Which type of charged group one selects (e.g. positive or negative) depends on the net charge of
the protein, which in turn depends on the pH. IEC is maybe the most commonly used technique
today for the separation of macromolecules and is almost always included as one of the steps in
the purification protocol. The experiment may be divided into four different parts.
1. Equilibration of the ion exchanger in a buffer in such a way that the molecule(s) of interest
will bind in a desirable way (regeneration step).
2. Application of the sample. Solute molecules carrying the appropriate charge are bound
reversibly to the gel. Unbound substances are washed out with the starting buffer (low ionic
strength).
3. Elution with a salt gradient of increasing ionic strength (e.g. 0-2 M NaCl). This gradually
increases the ionic strength and molecules are eluted. Solute molecules are released from the
column in order binding strength i.e. the weakly bound molecules elute first.
4. Substances that are very tightly bound are washed out with a concentrated salt solution and
the column is regenerated to the starting conditions.
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In this lab protocol, we will use bio-rex 70 medium, which is negatively charged
(carboxylic acid group). The cytochrome c proteins are positively charged at pH 7.0. The most
strongly held proteins will be the most basic (highest pI) and elute last. When proteins are
separated with IEC, fractions are obtained by collecting drops off the column into different test
tubes. Some tubes will have the proteins of interest in them.

Figure C.3

Sample elution profile

Usually, a UV monitor is attached to the column outlet so that the absorbance at 280 nm
can be measured while the column is running. When the absorbance is high, protein is eluting
from the column. This tells us which tubes had protein in them. In a mixture of proteins,
however, the desired protein may not have been isolated. The UV monitor helps narrow down
the choices. Instead of searching for the desired protein in 200 samples, your search may now be
limited to 20 or 30. Assay the likely fractions for the protein by whatever specific assay is
appropriate for your protein of interest.
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In this protocol, we will use a simple column chromatography setup, just the resin and a
column. The absorbance of each fraction will be measured using a UV/vis spectrophotometer to
identify the fractions containing desired protein. Any protein or amino acids with aromatic rings
absorb UV with absorbance maxima at 280 nm and 200 nm. Cytochrome c produce a
characteristic peak at 416 nm. We will measure the absorbance of fractions at 416 nm in order to
identify the fractions containing cytochrome c protein.
Materials and reagents
•

0.025 M phosphate buffer, pH 7.2

•

0.5 M NaCl in 0.025 M phosphate buffer, pH 7.2

•

Chromatography columns

•

Ring stands and clamps

•

50 g regenerated bio-rex 70 in 0.025 M phosphate buffer, pH 7.2

•

Graduated cylinders

•

Test tubes

•

Glass rod

•

Wash bottle

•

150 mL beakers

•

Kimwipes

•

Disposable cuvettes

•

UV/vis spectrophotometer

Procedure
Equilibrate resin (performed by the instructor)
1. Place the bio-rex 70 resin in a beaker with the buffer in which it is to be equilibrated. The
volume of buffer should be four to five times the volume of the resin.
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2. Allow the resin to equilibrate for at least 30 minutes. Adjust the pH with acid or base. Reequilibrate. Repeat until pH is stable.
3. When pH is stable, decant the buffer off and repeat steps 1 and 2 using fresh buffer. Repeat
until no pH change is noted when fresh buffer is added. This may take several buffer
changes.
Packing a column
4. Obtain about 25 mL of equilibrated resin to a small beaker (~150 mL).
5. Add an approximately equal volume of 0.025 M phosphate buffer, pH 7.2 to the resin.
6. Set up a column on a ring stand with 2 clamps. Close the clamp at the bottom of the column.
Make sure the spigot is closed.
7. Fill the column with approximately 100 mL of 0.025 M phosphate buffer, pH 7.2.
8. Using a glass stirring rod, stir the resin slurry in your beaker.
9. Pour the slurry into your column. Firmly tap the column to remove air trapped.
10. Start your column flowing (about 1 drop every 5 seconds) and let the resin settle to the
bottom of your column.
11. Run buffer through the column for about 5 minutes (or 1-2 column volumes). You can use a
pipette for this process. Be sure that the bed does not go dry; there should be clear buffer at
the top of the column.
12. When your column is packed, there should be clear buffer just above the surface of the bed.
Turn off the valve at the bottom of the column.
Collecting the fractions
13. Obtain 30 test tubes. Mark 5 mL volume level on each. Label the tubes 1 to 30. Keep tube 1
under the column to collect fractions.
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14. Gently overlay your purified protein by applying the solution to the sides of the column (not
directly to the bed) slowly.
15. After the protein has totally entered the column, gently layer buffer on top of the column.
16. Add approximately 50 mL of 0.025 M phosphate buffer, pH 7.2 dropwise to make sure that
the protein is bound to the resin.
17. Add of 0.025 M phosphate buffer, pH 7.2 0.5 M NaCl/ phosphate buffer, pH 7.2 alternatively
using pipettes. This will create a 0-0.5 M salt gradient to elute the proteins.
18. Open the valve and begin collecting 5.0 mL fractions in test tubes orderly.
19. Allow approximately 75 mL of NaCl/phosphate buffer and 30 mL of phosphate buffer to run
through the column.
20. Collect fractions into 15 - 20 test tubes, approximately 5 mL in each.
Identifying fractions containing the protein
21. Turn on the computer. Click sign in.
22. Plug the SpectroVis Plus spectrophotometer into the USB port on the computer.
23. Click on the logger Pro program on the desktop.
24. To calibrate the SpectroVis Plus, choose experiment (on the top tool bar) ► calibrate ►
spectrophotometer from the experiment menu. Note: For best results, allow the
spectrophotometer to warm up for a minimum of five minutes.
25. Fill a cuvette about 3/4 full with distilled water (or the buffer) to serve as the blank. After the
spectrophotometer has warmed up, place the blank cuvette in the spectrophotometer. Align
the cuvette so the clear side of the cuvette is facing the light source.
26. Follow the instructions in the dialog box to complete the calibration, and then click OK.
27. Remove the blank cuvette from the spectrophotometer.
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28. Fill a cuvette about 3/4 full of a sample of the solution to be tested. Place the sample in the
spectrophotometer and click “collect”. Click “stop” to end data collection.
29. Repeat step 28 for all the samples to measure the absorbance of each fraction at 416 nm.
30. Record the fractions with highest absorbance or a noticeable peak at 416 nm. Consult with
your instructor about which tubes should be included in the fractions. Pool the fractions
which constitute the cytochrome c. Label your sample with your (or your group) name.
31. Discard the rest of the tubes.
32. Disconnect the spectrophotometer.
33. Click File in menu bar. Select export as and then CSV. Give the destination Desktop. Create
a folder in desktop as CH4990/your (or your group) name. Name the file with your group
name.
Removing NaCl from eluted fractions
34. Transfer pooled fractions to upper compartment of micro-concentrator.
35. Spin at 3000 RPM for 30 minutes, checking samples at 15-minute increments.
36. When remaining sample volume is <0.5 mL, resuspend sample to a total volume of 4 mL in
0.025 M phosphate buffer, pH 7.2.
37. Store concentrated fractions in labelled falcon tubes in refrigerator.
Data sheet: Cation exchange chromatography
1. In an excel sheet, plot an elution profile; absorbance at 416 nm vs. fraction number.
2. What are the fundamental differences between cation/ anion exchange columns?
3. Explain why we use cation exchange chromatography to purify cytochrome c, and why not
anion exchange chromatography?
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4. A) Explain the role of buffer pH when separating proteins using ion exchange
chromatography; B) In this lab, why we use buffers of pH 7.2?
5. What will happen, if you run either cation/ anion exchange columns with the pH equal to the
target protein’s pI?
6. Describe how you would use ion exchange column to purify beta galactosidase away from
any other contaminating protein(s). Be specific about: A) which ion exchange
chromatography technique will be used (cation or anion); B) the pH at which you’d
equilibrate the column; C) why you chose this pH; and D) which protein(s) would bind and
which protein(s) would flow through the column under these conditions, and why. (Hint: beta
galactosidase is a negatively charged protein and its pI is 4.6)
7. Dialysis is another common laboratory technique used in protein purification. Briefly
describe the A) principle; B) process; C) uses of dialysis.
C.7

Cytochrome c assay, characterization and bioinformatics

Learning outcomes
•

Determine the concentration and purity of your extracted protein

•

Learn the differences between redox states of cytochrome c

•

Practice using NanoDrop spectrophotometer

•

Use bioinformatics to determine protein’s structural and functional information

Introduction
Cytochrome c characterization and quantification
Protein concentration quantitation is an integral part of biochemistry laboratory workflow
involving protein extraction, purification, and analysis. Proteins obtained from a purification
procedure are assayed to determine yield. Different methods are appropriate for determining
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protein concentration. The simplest and most direct assay method is to measure the absorbance at
280 nm (UV range). Amino acids containing aromatic side chains (i.e., tyrosine, tryptophan and
phenylalanine) exhibit strong UV-light absorption. Consequently, proteins and peptides absorb
UV-light in proportion to their aromatic amino acid content and total concentration. Peptide
bonds are primarily responsible for the peak at 200 nm. Secondary, tertiary, and quaternary
structure all affect absorbance, therefore factors such as pH and ionic strength can alter the
absorbance spectrum.
The advantages of this method are that it is simple, rapid, and the sample is not
destroyed. The method has some disadvantages, including interference from other
chromophores; many other cellular components, and particularly nucleic acids, also absorb UV
light. The extinction of nucleic acid in the 280-nm region may be as much as 10 times that of
protein at their same wavelength, and hence, a few percent of nucleic acid can greatly influence
the absorption.
As we discussed in the experiment C.3, we can use Beer's Law to determine the
relationship between concentration (c) and absorbance (A). Beer's Law is given as:
A = ɛcl

(C.9)

where: ε = molar extinction coefficient (M-1cm-1), c = sample concentration (mol/L), l =
path length of cuvette (usually 1 cm). Using the absorbance at 260 nm and 280 nm, the ratio of
the absorbances can be determined to assay the protein quality. We can calculate concentration
of proteins with possible nucleic acid contamination, using the following formula:
Protein concentration (mg/mL) = (1.55 x A280) - (0.76 x A260)

(C.10)

Total protein yield = protein concentration x sample volume

(C.11)
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A standard procedure of measuring protein quality is the determination of the absorption
ratio at A260 nm and A280 nm:
Q = (A260 – A320) / (A280 – A320)

(C.12)

For a pure protein preparation, Q is 0.6.
Redox states of cytochrome c
Cytochrome c participate in oxidation / reduction reactions, especially in the essential
cellular metabolic pathway known as the electron transport chain. At its core, cytochrome c
contains a heme group: an iron ion bound in the center of a large heterocyclic ring called a
porphyrin. The transferred electrons are bound to this central iron ion. Thus, the changing
oxidation state of the iron ion reflects the electron transfer process. Cytochrome c can exist in
two states—oxidized or reduced, based on the oxidation state of the iron ion in the heme.
In this experiment, you will be using spectroscopic techniques to probe the oxidation and
reduction states of cytochrome c. Cytochrome c is a chromophore, exhibiting different spectral
response, or color, in its different oxidation states. We will use potassium ferricyanide, a potent
oxidizing agent, or sodium dithionite, a potent reducing agent, to observe these spectral shifts.
Table C.1

Molar extinction coefficient of cytochrome c at selected wavelengths.
Wavelength
416
270
280

Reduced
.1291
.0318
.0310

Oxidized
.0888
.0218
.0232

NanoDrop spectrophotometer
In this experiment absorbance will be measured using a NanoDrop spectrophotometer.
The primary advantage of NanoDrop spectrophotometer is we can measure absorbance of small
liquid samples (0.5 – 2 µL) with high accuracy and reproducibility. NanoDrop spectrometers
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offer the convenience of both the sample retention technology and a traditional cuvette for
sample measurements. The sample retention system employs surface tension to hold the sample
in place between two optical fibers. This enables the measurement of very highly concentrated
samples without the need for dilutions; measure sample concentration up to 200 times more
concentrated than samples measured using the standard cuvette. Using this technology, the full
spectrum (190 – 840 nm) can be obtained.
Bioinformatics
The most common use of bioinformatics for a biochemist and for a biochemistry student
is a search within primary molecular biological databases. These mostly include sequence and
three-dimensional structure databases. The best-known nucleotide sequence database is called
GenBank. The most familiar protein sequence database is called UniProt, which is part of the
ExPASy portal. The vast majority of amino acid sequences of polypeptides has been determined
as nucleotide sequence and subsequently translated in silico (by bioinformatics tools) using the
genetic code table.
If we sequence a DNA clone, the first bioinformatics analysis is a similarity search
against a nucleotide database. The most widely used similarity search program accessible on the
internet is BLAST (Basic Local Alignment Search Tool). BLAST uses a heuristic algorithm that
makes it possible to search a huge database in a very short period of time by using a query
sequence. It is important that the query sequences must be in the so-called FASTA format. A
wide range of in silico analyses can be performed with nucleic acid sequences. Sequences can be
compared to each other and to full databases. Also, the physical and structural/functional
properties of polypeptide chains can be predicted via this analysis.
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Material and reagents
•

NanoDrop spectrometer

•

Disposable cuvettes

•

UV/vis spectrophotometer (Vernier)

•

0.1 M phosphate buffer, pH 7.2

•

Purified protein solution

•

0.5 mM potassium ferricyanide

•

1M Dithiothreitol (DTT)

•

Beakers

•

Micro pipettes and pipette tips

•

Kimwipes

Procedure
Protein characterization and quantification using nanodrop spectrometer
1. Place 2 μL of Millipore water on pedestal to clean the nanodrop. Close the lid gently. Wipe
pedestal and the lid gently with Kim wipes. Repeat washing 2 times.
2. Open NanoDrop software on the desktop.
3. Select “UV/vis”. Go to “add wavelength”. Give three wavelength values; 320 nm, 260 nm,
and 280 nm.
4. Place 1.5 μL buffer on pedestal and close the lid gently.
5. Hit “blank”. Wipe the pedestal gently with Kimwipes.
6. Place 2 μL of your protein extract. Hit “measure”. Wipe the pedestal gently with Kimwipes.
7. Place 2 μL of Millipore water on the pedestal to clean the nanodrop. Close the lid gently.
Wipe pedestal and the lid gently with Kimwipes. Repeat washing 2 times.
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Redox states of cytochrome c
8. Prepare 3 mL of following samples;
a. 3 mL of cytochrome c protein extract: 15 μM protein in 0.1 M phosphate buffer
b. 3 mL of oxidized protein: 15 μM protein and 0.1 mM potassium ferricyanide in 0.1 M
phosphate buffer
c. 3 mL of reduced protein: 15 μM protein and 0.1 mM DTT in 0.1 M phosphate buffer
9. Collect spectra from 380 nm to 700 nm for all the three samples.
Bioinformatics
10. Go to PDB website (http://www.rcsb.org/)
11. Type the name of the enzyme (in this case, cytochrome c) in search bar, and hit the go
button. It will give you thousands of related search results.
12. Narrow down the number of related results using refinements in the left side of the page. For
instance, by selecting the organism as Saccharomyces cerevisiae and the Uniprot molecular
name as Cytochrome c peroxidase, you can restrain the results into a few. Choose the
structure 2PCB.
13. Go down the page and hit on (Go to UniProtKB) P00431 which is under Entity ID: 1 table. It
will open a new webpage, UniProtKB.
14. Using UniProtKB collect the information as catalytic activity and cofactor amino acid
sequence, taxonomic data, and functional information on proteins.
15. Go down the UniProtKB web page and click on FASTA amino acid sequence. Copy the
amino acid sequence.
16. In a new tab open the application of Expasy.
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17. Under categories; choose protein structure. It will give you several data bases and tools to
estimate protein structure. Select a protein secondary structure prediction tool as GOR. A
window will appear, where you must paste your amino acid sequence in Fasta format. Hit on
submit. It will give you the predicted secondary structure.
Data sheet: Cytochrome c assay, characterization and bioinformatics
1. Calculate the concentration of your protein extract in mM, UM, mg/mL. Molar extinction
coefficient of cytochrome c is .0232 M-1cm-1 at 280 nm.
2. Calculate the total protein yield and absorption quotient (Q) of protein sample.
3. Comment on the quality of your protein sample.
4. In this lab, protein concentration is determined by measuring absorbance at 280 nm. There
are several possible methods to determine concentration of a protein solution. Explain 3
different methods briefly.
5. Show calculations to prepare;
a. 3 mL of cytochrome c protein extract: 15 μM protein in 0.1 M phosphate buffer
b. 3 mL of oxidized protein: 15 μM protein and 0.1 mM potassium ferricyanide in 0.1 M
phosphate buffer
c. 3 mL of reduced protein: 15 μM protein and 0.1 mM DTT in 0.1 M phosphate buffer
starting from given concentrated solutions.
6. Explain the roles of potassium ferricyanide and DTT. What state is the iron atom in when
cytochrome c is oxidized and reduced?
7. Search literature for UV/vis spectrum of cytochrome c at different oxidation states. Compare
the spectra you obtained with expected results.
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8. By looking at scans from 400 nm to 700 nm comment how peak intensities vary from
reduced and oxidized forms of cytochrome c?
9. Comment about the oxidized or reduced state of extracted protein by comparing the spectra
you obtained for your three different samples.
10. Write a brief description on cytochrome c, using information (like gene, organism, catalytic
activity, cofactor, and predicted secondary structure) collected using PDB and UniProt
databases and BLAST program.
C.8

SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Learning outcomes
•

Understand the purpose of gel electrophoresis

•

Practice running gel electrophoresis

•

Determine the molecular weight of the cytochrome c

•

Evaluate the purity of your purified protein sample

Introduction
The separation of macromolecules in an electric field is called electrophoresis.
Polyacrylamide gel electrophoresis is commonly used in biochemistry for the separation of
proteins based on their molecular weight, structure (folded, molten globule, or unfolded), and
charge. In SDS-PAGE, the use of sodium dodecyl sulfate (SDS) largely eliminates the influence
of the structure and charge, and proteins are separated solely based on their size or the molecular
weight. SDS is an anionic detergent. The number of SDS molecules that bind to a protein is
proportional to the number of amino acids that make up the protein. Each SDS protein molecule
contributes two negative charges, overwhelming any charge the protein may have. In the
presence of SDS and a reducing agent that cleaves disulfide bonds critical for proper folding,
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proteins unfold into linear chains with negative charge proportional to the polypeptide chain
length. Negatively charged protein molecules strongly attract towards the anode (positively
charged electrode) in an electric field.

Figure C.4

Binding of SDS results a net negative charge on protein.

The smaller ions move toward the anode faster than the larger ions. Because the protein
must migrate through the gel substance, the lower molecular weight proteins will migrate further
than higher molecular weight proteins in a given time. The distance the protein will migrate from
the well is related to the size and the degree of complexing of the gel matrix (concentration). The
size of a protein can be calculated using protein standards of known molecular weight (protein
ladder) run next to the protein of unknown molecular weight.
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Plot of log molecular weights (kDa) of the known proteins versus distance traveled
in the gel (mm).

A calibration curve can be made by plotting the log of the molecular weight of the of
known molecular weight of known protein samples against the distance each has migrated. The
distance the unknown protein has migrated can be used to determine its molecular weight
graphically using a regression line created with the known standard proteins.
Material and reagents
•

Purified protein

•

Commercial cytochrome c

•

1.5 mg/mL protein standards (egg albumin, casein milk, lactase enzyme)

•

Sample buffer (This buffer contains: Tris-HCl, EDTA, LDS, glycerol, Coomassie
blue and phenol red at pH 8.5)

•

Running buffer (This buffer contains: Tris base, glycine, and SDS)

•

Stain buffer (This buffer contains: Coomasie R250 dye, glacial acetic acid,
methanol)

•

De-stain buffer (This buffer contains: methanol, glacial acetic acid)

•

Microcentrifuge tubes
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•

Precast gel

•

Cell tank

•

Dry bath heat block

•

Ice

•

Beakers

•

Micropipettes and tips

Procedure
Preparing sample solutions
1. Dilute 20 μL of sample with an equivalent volume of sample buffer. Mix well.
2. Heat the diluted sample at 92°C for 5 min in a dry bath heat block.
3. Cool the heated samples for 5 min. While samples are heating, and cooling follow the next
section to setup the gel electrophoresis tank.
Setting up gel electrophoresis module
4. Set the clamping frame to the open position on a clean flat surface.
5. Place the first gel cassette onto the gel supports with the short plate facing inward.
6. Place the second gel on the other side of the clamping frame, again by resting the gel onto the
supports. The clamping frame requires 2 gels to create a functioning assembly. If an odd
number of gels (1 or 3) is being run, you must use the buffer dam.
7. Gently push both gels toward each other, making sure that they rest firmly and squarely
against the green gasket that is built into the electrode assembly.
8. While gently squeezing the gel cassettes (or cassette and buffer dam) against the green
gaskets (maintaining constant pressure and with both gels in place), slide the green arms of
the clamping frame one at a time over the gels, locking them into place.
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9. The wing clamps of the electrode assembly lift each gel cassette up against the notch in the
green gasket, forming a seal. Check that the short plates sit just below the notch at the top of
the green gasket. If running more than 2 gels, repeat steps 4–8 with the companion running
module.
10. Place the electrophoresis module into the tank.
11. Fill the inner buffer chamber with running buffer. Make sure that the module is sealed
properly, and solutions are not leaking.
12. Fill the outer buffer chamber to the indicator mark for 2 gels (550 ml) or 4 gels (800 mL)
with the running buffer.
13. Load 12-15 μL of your samples to wells, each in a different well. Record what sample you
placed where.
Run the gel
14. Connect the black electrode with the black wire and the red electrode with the red wires to
the power source.
15. Plug in the power source.
16. Run the gels starting from 100 V. Increase the voltage to 200 V while it is running. You may
alter running conditions appropriate to your application.

Run time
Expected current (per gel)
Initial
Final
Oute4r buffer volume
1-2 gels
3 – 4 gels
Figure C.6

100 V
85 – 95 min

200 V
30 - 40 min

15 – 20 mA
5 – 10 mA

25 – 50 mA
20 - 30 mA

2-gel mark
4-gel mark

2-gel mark
4-gel mark

Alternative running conditions for SDS PAGE
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17. Stop the run when the dye front reaches the reference line imprinted on the bottoms of the
cassettes.
Removing the gel
18. After electrophoresis is complete, turn off the power supply and disconnect the electrical
leads.
19. Remove the lid from the tank.
20. Pour off and discard the running buffer.
21. Open the cassette and pull the two plates apart from the top of the cassette, and gently
remove the gel.
22. Place the gel in stain buffer for 1 hour. Let solutions to mix gently using a rocker.
23. De-stain the gel by placing the gel in de-stain buffer overnight.
24. Plot the log Mw (in kDa) versus the distance travelled by known proteins in the gel. That plot
should give a straight line.
Data sheet: SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
1. Compare the differences between native PAGE and SDS PAGE.
2. The following table presents the possible bands for the proteins used. Identify the bands for
different protein fractions and label them on your gel.

Protein loaded into well

Protein fractions

MW (kDa)

Lactase

Precursor protein

210

Milk casein

Mature protein
Casein
Lactoglobulin

160
25
15

Lactalbumin
Ovalbumin

10
43

Egg albumin
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3. To make the proteins visible, a protein-specific, dye-binding or color-producing chemical
reaction must be performed on the proteins within the gel. There are several different staining
methods; Coomassie dye stain, silver stain, zinc stain, fluorescent dye stain, and functional
group specific stain. Describe each of stain method briefly.
4. Following the separation of the proteins using gel electrophoresis the polypeptide bands are
transferred to a membrane carrier. This technique is called “blotting”. Describe and compare
the 3 blotting techniques; Western blotting, Southern blotting, and Northern blotting.
C.9

Plasmid DNA purification

Learning outcomes
•

Learn how to isolate and purify plasmid DNA from a bacterial pellet

•

Learn how to characterize and quantify DNA

•

Hands on experience using centrifuge, table-top centrifuge, and nanodrop
spectrophotometer.

Introduction
DNA extraction is a procedure of isolating the DNA from other cellular components for
the molecular or forensic analysis, or diagnosis use. It is also useful for the detection of bacteria
and viruses and from the environment and it also provides chance to diagnose diseases and other
genetic disorders which cannot be identified through any other means. In any DNA purification
(or extraction) protocol, there are three important considerations:
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Break up the
tissues and cells
to release the
DNA.

Figure C.7

Prevent the DNA
from being degraded
by cellular enzymes
during the
purification.

Get rid of cellular
components that are not
desired—
E.g. proteins, lipids,
carbohydrates (cell walls),
and RNA.

Three main steps in DNA extraction.

Isolating genomic and plasmid DNA for further investigation and downstream
application requires different protocols. Isolating genomic DNA simply requires cracking open
the cell walls and purify the resulting sample. But genomic DNA can be easily degraded or
corrupted. Extracting plasmid DNA can be a little more complicated since you should be able to
successfully separate the plasmid DNA from the gDNA. Basically, a milder treatment (i.e.
alkaline lysis) is required when extracting plasmid DNA.
As the first step of DNA purification, cells are lyzed using cell lysis solution which
consists of SDS (Sodium dodecyl sulfate) and NaOH. SDS solubilizes the phospholipid and
protein components of the cell membrane, leading to release of the cell contents. NaOH
denatures the chromosomal and plasmid DNAs, as well as proteins. The optimized lysis time
allows maximum release of plasmid DNA from the cell without release of cell wall-bound
chromosomal DNA, while minimizing the exposure of the plasmid to denaturing conditions.
Long exposure to alkaline conditions may cause the plasmid to become irreversibly denatured.
Separation of plasmid from chromosomal DNA is based on coprecipitation of the cell
wall-bound chromosomal DNA with the insoluble complexes containing salt, detergent, and
protein. Plasmid DNA remains in the clear supernatant. The precipitated debris is removed by
centrifugation. It is important that the lysate is clear at this stage to obtain protein-free plasmid
DNA preparations. Then nucleic acid can be selectively precipitated using alcohol. Double168

stranded DNA is two long polyanion chains held together by hydrogen bonds between the bases.
DNA stays in solution because it is solvated by the strongly polar water molecules. Addition of
less polar ethanol make DNA molecules to tend to associate with each other rather than with the
solvent molecules, clumping together and to precipitate out of solution. After precipitation, the
purified DNA can be resuspended in water.
The purified plasmid can be used directly for automated fluorescent DNA sequencing as
well as for other standard molecular biology techniques without further manipulation. However
reliable measurement of DNA concentration is important for many applications in molecular
biology. DNA quantification is generally performed by spectrophotometric measurement of the
absorption at 260 nm, or by agarose gel analysis. In this lab, you will characterize and quantify
the extracted DNA spectrophotometrically. However, spectrophotometric measurement does not
differentiate between the two nucleic acids commonly found in a cell (DNA and RNA). The
OD260 measurement thus tells you something about the total amount of nucleic acid in a
preparation but can’t let you measure the concentration of DNA in a preparation that also
contains RNA. RNA contamination of a DNA preparation can lead to overestimation of DNA
concentration, if spectroscopy is the only method used to determine concentration.
Quantification using agarose gel electrophoresis is also extremely useful when DNA samples are
contaminated with RNA, since RNA is separated from DNA in agarose gels.
Material and reagents
•

Bacteria culture

•

Cell resuspension solution (50 mM Tris-HCl, 10 mM EDTA, 100 μg/mL RNase
A)

•

Cell lysis Solution (0.2 M NaOH, 1% SDS)

•

Neutralization Solution (4.09 M guanidine hydrochloride,0.759 M potassium
acetate, 2.12 M glacial acetic acid)
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•

Column wash (162.8 mM potassium acetate, 27.1 mM Tris-HCl)

•

Spin filters

•

Ethanol (95%)

•

50 mL falcon tubes

•

Centrifuge with swinging bucket rotor

•

Tabletop centrifuge

•

Sterile 1.5 mL microcentrifuge tubes

•

10X TE buffer (100mM Tris-HCl, 10 mM EDTA)

•

NanoDrop spectrophotometer

•

Kimwipes

Procedure
Preparation of E. coli (This is done for you prior to the lab)
1. Prepare liquid LB in an Erlenmeyer flask. Cover the culture with aluminum foil.
2. Autoclave and allow to cool to room temperature.
3. Inoculate a single colony from your LB agar plate using a sterile pipette tip.
4. Loosely cover the culture with sterile aluminum foil.
5. Incubate bacterial culture at 37°C for 12-18 hr in a shaking incubator.
6. After incubation, check for growth, which is characterized by a cloudy haze in the media.
Plasmid DNA extraction
7. Transfer 30 mL of bacterial culture into a falcon tube. Centrifuge the cell culture for 15
minutes at 3000 RPM in a centrifuge. Pour off the supernatant and obtain the cell pellet.
8. Add 250 μL of cell resuspension solution and completely resuspend the cell pellet by
vortexing.
9. Transfer the resuspended cells to sterile 1.5 mL microcentrifuge tube(s).
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10. Add 250 μL of cell lysis solution to each sample and mix by inverting the tube 4 times (do
not vortex). Incubate at room temperature until the cell suspension clears, approximately 1–5
minutes.
Important
Observe partial clearing of the lysate before proceeding to addition of the alkaline protease
solution (step 11); however, do not incubate longer than 5 minutes.
11. Add 10 μL of alkaline protease solution and mix by inverting the tube 4 times. Incubate for 5
minutes at room temperature.
12. Add 350 μL of neutralization solution and immediately mix by inverting the tube 4 times (do
not vortex).
13. Centrifuge the bacterial lysate at top speed in a microcentrifuge for 10 minutes at room
temperature.
14. Prepare plasmid DNA purification units by inserting one spin column into one 2 mL
collection tube for each sample.
15. Transfer the cleared lysate (approximately 850 μL) to the prepared spin column by decanting.
Avoid disturbing or transferring any of the white precipitate with the supernatant.
16. Centrifuge the supernatant at top speed in a microcentrifuge for 1 minute at room
temperature. Remove the spin column from the tube and discard the flow through from the
collection tube. Reinsert the spin column into the collection tube.
17. In a new 1.5 mL Eppendorf tube, mix 365 μL of column wash solution with 635 μL 95%
ethanol.
18. Add 750 μL of diluted column wash solution to the spin column.
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19. Centrifuge at top speed in a microcentrifuge for 1 minute at room temperature. Remove the
spin column from the tube and discard the flow through. Reinsert the spin column into the
collection tube.
20. Repeat the wash procedure using 250 μL of column wash solution.
21. Centrifuge at top speed in a microcentrifuge for 2 minutes at room temperature.
22. Transfer the spin column to a new, sterile 1.5 mL microcentrifuge tube being careful not to
transfer any of the column wash solution with the spin column. If the spin column has
column wash solution associated with it, centrifuge again for 1 minute at top speed.
23. Add 100 μL of nuclease-free water to the spin column. Centrifuge at top speed for 1 minute
at room temperature in a microcentrifuge.
24. Remove the assembly from the 1.5 mL microcentrifuge tube and discard the spin column.
25. Plasmid DNA is now ready for estimation of DNA concentration and purity.
Characterization and quantification of DNA extract
26. Place 2 μL of Millipore water on pedestal to clean the NanoDrop. Close the lid gently. Wipe
pedestal and the lid gently with Kim wipes. Repeat washing 2 times.
27. Open NanoDrop software on the desktop.
28. Select “UV/vis”. Go to “add wavelength”. Give two wavelength values; 260 nm and 280 nm.
29. Place 1.5 μL TE buffer on pedestal and close the lid gently.
30. Hit “blank”. Wipe the pedestal gently with Kimwipes.
31. Place 2 μL of your DNA sample. Hit “measure”. Wipe the pedestal gently with Kimwipes.
32. Place 2 μL of Millipore water on the pedestal to clean the NanoDrop. Close the lid gently.
Wipe pedestal and the lid gently with Kimwipes. Repeat washing 2 times.
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Data sheet: Plasmid DNA purification
1. Record your A260, A280, and A260/A280 ratio.
A280

=

A260

=

A260/ A280

=

2. A value of greater than 1.7 indicates essentially pure DNA, while lower values indicate
protein contamination. Evaluate the ratio A260/A280.
3. Calculate the concentration of DNA in your extraction. Hint: DNA’s extinction coefficient at
260 nm: ε260=0.02 (µg/ml)-1 cm-1.
4. Using the relationship 1 Abs = 50 ng/µL DNA, calculate the total yield of plasmid DNA.
5. Do you think that you successfully extracted plasmid DNA?
6. Why do you think the lysis solution destroyed protein but not DNA?
7. A) What is a centrifuge and what is it used for?
B) How does it work?
C.10

Enzyme kinetics of lactase

Learning outcomes
•

Extract lactase enzyme from lactaid pills

•

Study the kinetics of the lactase enzyme spectrophotometrically

•

Estimate Michaelis constant, Vmax and Km for the lactase enzyme

Introduction
Lactose is a disaccharide found in milk. Enzyme lactase is required for proper digestion
of lactose. Unfortunately, many people consume more lactose than their bodies can properly
digest. They don’t necessarily lack the enzyme but may have it present in smaller amounts so
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that the consumption of a significant amount of milk overwhelms the enzyme that is present.
Lactose molecules, which were not properly hydrolyzed by the lactase enzyme, travel to the
large intestine where they ferment, produce CO2 gas, and cause bloating and diarrhea in these
lactose-intolerant individuals. As milk products are such an important source of calcium and
other nutrients, artificial sources of lactase have become popular. Among the most widely used is
lactaid.
Lactase enzyme catalyzes the hydrolysis of lactose to glucose and galactose. In this lab
experiment, we will use the synthetic substrate, o-nitrophenyl--D-galactopyranoside (ONPG),
in place of lactose. The hydrolysis of the ONPG substrate produces o-nitrophenolate, which is
yellow. As a result, we can monitor the reaction by measuring the increasing absorbance of this
product with time.
As enzymes are not consumed in reactions, one enzyme molecule is able to catalyze the
reaction of many substrate molecules. Since the enzyme isn’t consumed, we might expect to
always have kinetics that depend only on the substrate and give a simple first-order rate law
where rate = k [S]1. Each substrate molecule spends a finite amount of time at the enzyme’s
active site. When the substrate concentration becomes large enough, all the enzyme active sites
are occupied, and we say that the enzyme is saturated. When this happens, further increases in
[S] can’t increase the rate of reaction because those substrate molecules can’t reach the enzyme
active sites. In the case of lactose digestion, the unhydrolyzed lactose molecules pass lower in
the digestive tract and cause the unpleasant symptoms.
Figure C.8 presents the plot of rate of reaction as a function of substrate concentration. It
has been shown experimentally that if the amount of the enzyme is kept constant and the
substrate concentration is then gradually increased, we observe a reaction rate curve similar to

174

Figure C.8. This is because at low concentration of substrate more substrate molecules will be
colliding with enzyme molecules, so more product will be formed. With increasing substrate
concentration, the reaction velocity will increase until it reaches a maximum. It is theorized that
when this maximum velocity had been reached, all the available enzyme has been converted to
the enzyme substrate complex. The maximum velocity achieved by the system, at maximum
(saturating) substrate concentrations is represented as Vmax. The substrate concentration at which
the reaction velocity is 50% of the Vmax is designated as the Michaelis constant (KM). The
Michaelis constant is a measure of how easily the enzyme can be saturated by the substrate at a
given temperature and pH. The larger the value of KM, the greater the substrate concentration the
enzyme can handle before it becomes saturated. The simplest way to find the value of KM is to
measure reaction rates at several substrate concentrations.

Figure C.8

The graph of the rate or velocity (V) of a reaction versus substrate concentration.

Enzyme kinetics are described by the Michaelis-Menten mechanism (equation C.13)
where, Vmax represents the maximum velocity; KM is the Michaelis constant; [S] is the
concentration of the substrate S; and v is the initial rate (or velocity).

175

V=

𝑉𝑚𝑎𝑥 [𝑆]

(C.13)

𝐾𝑚 +[𝑆]

By taking the reciprocal of the Michaelis Menten kinetics equation, we can obtain the
Lineweaver-Burk double reciprocal plot:
1
(𝐾𝑀 + [𝑆]
=
𝑉
𝑉𝑚𝑎𝑥 [𝑆]
1
𝑉

𝐾𝑚

= (𝑉

𝑚𝑎𝑥

1

) ([𝑆]) +

1
𝑉𝑚𝑎𝑥

(C.14)

which matches the y = mx + b form of a straight line. Thus, if we plot 1/V vs. 1/[S], the
slope of the resulting line equals KM/Vmax while the y-intercept equals 1/Vmax. This graph is
called a Lineweaver-Burk plot.
Materials and reagents
•

Lactaid pills

•

Mortar and pestle

•

0.1 M Phosphate buffer (pH 7.2)

•

Centrifuge tubes

•

10 mL graduated cylinder

•

Centrifuge rotor

•

Test tubes

•

Micropipettes

•

Stopwatch

•

Sodium carbonate

•

UV/vis spectrophotometer

•

Plastic cuvettes

•

1% ONPG

•

15 mL falcon tubes
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•

25 mL conical flasks

Procedure
Preparing a series of diluted substrate solutions
1. Prepare 20 mL of substrate (ONPG) solutions of 0.8%, 0.6%, 0.4%, and 0.2% starting from
1% in 25 mL conical flasks. Label your samples clearly.
Making the lactase stock solution
2. Crush one pill of lactaid into powder with a mortar and pestle.
3. Add the powder to 5 mL of 0.1 M phosphate buffer (pH 7.2) and dissolve.
4. Centrifuge at 3000 rpm for 5 minutes to pellet out the insoluble material. The liquid portion
is your enzyme stock.
Choosing suitable enzyme concentration and time
5. Make a dilution series of enzyme solution (add 1 mL of your stock to 9 mL of buffer, then
take 1 mL of this dilution and add to 9 mL of buffer). An example of tenfold serial dilution is
given in table C.2.
Note: Keep all solutions for the duration of the experiments in case something goes wrong, and
you need to back up. So always label your tubes clearly and maintain a "backup" rack.

Table C.2
Step
1
2
3
4

Example of a tenfold serial dilution
Amount
transferred
1 ml
1 ml
1 ml
1 ml

Source
stock
#1
#2
#3

Buffer
amount
9 ml
9 ml
9 ml
9 ml

6. Test each dilution by making a separate reaction tube with;
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Step dilution
1/10
1/10
1/10
1/10

Final
concentration
1/10
1/100
1/1000
1/10000

i. 3.5 mL 0.6% buffer
ii. 0.5 mL ONPG (substrate)
iii. 0.5 mL enzyme stock (add this last)
7. Start a timer when you add enzyme and stop it when the solution turns a noticeable yellow.
Choose the dilution that took between 1 to 2 minutes. Use the chosen enzyme concentration
and time for upcoming steps.
Determination of Vmax and Km
8. Set up tubes with different concentrations of substrate but the same enzyme solution as
follows;
i. 3.5 mL buffer
ii. 0.5 mL various concentrations of ONPG
iii. 0.5 mL enzyme dilution
9. Stop reactions at the time determined in step 7 with 0.5 mL sodium carbonate.
10. Measure absorbance at 405 or 410 nm for each reaction.
11. Save the rest of your diluted series of ONPG solutions and enzyme solution in labeled 15 mL
falcon tubes for next week.
Data sheet: Enzyme kinetics of lactase
We need a way to relate absorbance reading from the spectrophotometer to amount of
ortho-nitrophenolate product in the tube. Using a standard curve, you can convert your
Absorbance readings into concentrations of product. This will be useful in determining the rate
of reaction for the Lactase enzyme under different conditions (amount of product/time = rate).
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Figure C.9

Standard curve for absorbance vs product concentration.

1. Determine the approximate concentration of ONP product using the standard curve (Figure
C.9) at each reaction tube. To get rate, divide the nmoles of product made by the amount of
time you ran the reaction.

Reaction #

Final Substrate
concentration (x)

Absorbance

Concentration of
ONP product

Rate of the
reaction (y)

1
2
3
4
5

2. Graph these data as substrate (ONPG) concentration vs. nmoles of product per second. Mark
Vmax, which is highest rate, and KM which is the concentration that gives ½ Vmax in your
graph.
3. Graph your results as 1/[rate] vs 1/[substrate]. Determine the Michaelis-Menten constant and
Vmax.
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4. Enzymes like lactase are catalysts. Explain how enzymes (catalysts) speed up reactions.
Include energy profile diagram(s) for your answer.
5. What is meant by saturation of the enzyme?
6. How does the Michaelis-Menten equation explain how the rate of an enzyme-catalyzed
reaction reaches a maximum value at high substrate?
7. The enzyme carboxypeptidase obeys Michaelis-Menten kinetics when Km = 3 mM, V0 = 150
mmol/min and [S] = 0.5 mM. Calculate the Vmax of this enzyme.
8. A company has developed 2 enzymes that convert highly toxic compounds to non-toxic
compounds. Your task is to degrade the greatest amount of toxic compound in the shortest
amount of time. The kinetic properties of the two enzymes ate shown below:

Enzyme
A
B

Km
2 mM
10 mM

Vmax
100 mM/sec
500 mM/sec

a. At low concentrations of substrate, which enzyme would be better to use based on the
information given above. Explain why is this enzyme better to use?
b. At saturating concentration of substrate, which enzyme would be better to use?
Explain why.
C.11

Enzyme inhibitors: Identification of competitive and non-competitive inhibitors

Learning outcomes
•

Further understand enzyme kinetics and how different types of inhibition affect kinetic
constants

•

Distinguish between competitive and non-competitive inhibitors
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•

Collect experimental data in the presence and absence of an inhibitor and analyze that
data to determine the type of inhibition.

Introduction
In this experiment, we will extend our studies of the enzyme kinetics of lactase to
examine the effect of potential inhibitors of these enzymes. Inhibitors are molecules that bind to
enzymes and decrease their catalytic activity. They are usually specific, and they work at low
concentrations. They block the enzyme, but usually they do not destroy it. There are a variety of
mechanisms by which this binding and subsequent inhibition happen. Since decreasing an
enzyme’s activity can correct regulatory imbalances or kill hostile micro-organisms, the majority
of drugs that humans take are enzyme inhibitors. For instance, ibuprofen inhibits
cyclooxygenase, thus reducing pain, inflammation and fever. There are also many naturally
occurring enzymatic inhibitors that allow fine regulation and metabolic control within the cell.
There are two main categories of inhibitors: competitive and noncompetitive. In
competitive inhibition, the inhibitor resembles the chemical structure of the true substrate, and it
competes with the substrate for binding to the active site. Competitive inhibitors bind the active
site of the enzyme, preventing the binding of the substrate (i.e. they compete with the substrate).
The inhibitor is only able to bind the free enzyme and cannot bind the substrate-enzyme
complex. Since whether the chemical reaction occurs or not is based solely on whether substrate
binds or inhibitor binds (they compete, Km increases), adding substrate in large amounts until
there is more substrate than inhibitor will eventually return the rate of reaction to normal (Vmax is
unchanged).
In non-competitive inhibition, the inhibitor binds to the enzyme at a site different than the
active site. Binding to this site, however, changes the overall shape of the enzyme, slowing the
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processing of substrate into product once it is bound to the enzyme. This form of inhibition does
not prevent the binding of the substrate (Km is unchanged) but the reaction rate at high levels of
substrate is decreased (Vmax is lower).
Materials and reagents
•

Lactase enzyme

•

ONPG various concentrations (1%, 0.8%, 0.6%, 0.4%, 0.2%)

•

0.05% Sucrose

•

0.05% Galactose

•

0.05% Glucose

•

Phosphate buffer pH 7

•

UV/vis spectrophotometer

•

Plastic cuvettes

Procedure
1. Set up tubes with no inhibitor, that is the negative control.
a. 3.5 mL phosphate buffer; pH 7
b. 0.5 mL various concentrations of ONPG (0.2%, 0.4%, 0.6%, 0.8%, 1%)
c. 0.5 mL lactase enzyme (add this last)
2. Set up tubes with an inhibitor.
a. 3.0 mL phosphate buffer; pH 7
b. 0.5 mL various concentrations of ONPG (0.2%, 0.4%, 0.6%, 0.8%, 1%)
c. 0.5 mL enzyme inhibitor (0.05% glucose)
d. 0.5 mL lactase enzyme (add this last)
3. Start a timer when you add enzyme and stop reactions at the time you determined last week
in “enzyme kinetics” experiment with 0.5 mL sodium carbonate.
182

4. Measure absorbance at 405 or 410 nm for each reaction using logger pro software.
5. Repeat the steps 2-4 for the other two enzyme inhibitors; galactose and sucrose.
Data sheet: Enzyme inhibitors
1. Calculate the approximate concentration of ONP product using the standard curve (Figure
C.9). Tabulate your results.

Reaction set 1 (with no inhibitor)
Reaction #

Substrate
concentration (x)

Absorbance

Concentration of
ONP product

Rate of reaction
(y)

1
2
3
4
5

Reaction set 2 (with 0.05% glucose)

Reaction #

Substrate
concentration (x)

Absorbance

Concentration of
ONP product

Rate of reaction
(y)

6
7
8
9
10

Reaction set 3 (with 0.05% sucrose)

Reaction #

Substrate
concentration (x)

Absorbance

11
12
13
14
15
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Concentration of
ONP product

Rate of reaction
(y)

Reaction set 4 (with 0.05% galactose)

Reaction #

Substrate
concentration (x)

Absorbance

Concentration of
ONP product

Rate of reaction
(y)

16
17
18
19
20
2. Plot the following graphs for each inhibitor with results of “no inhibitor” to determine the type
of the inhibition; competitive or non-competitive
a. Rate of the reaction vs substrate concentration
b. 1/V vs 1/[S]
3. The plot of 1/V versus 1/[S] is called a Lineweaver-Burk plot. Another way of showing the
kinetic data is to plot V versus V/[S], which is known as an Eadie-Hofstee plot.
a. Rearrange the Michaelis-Menten equation to give V versus V/[S].
b. What is the significance of the slope, the vertical intercept, and the horizontal intercept in
a plot of V versus V/[S]?
c. Sketch a plot of V versus V/[S] in the absence of an inhibitor, in the presence of a
competitive inhibitor, and in the presence of a noncompetitive inhibitor.
4. Compare enzyme activators and inhibitors. Give examples.
5. Why are enzyme inhibitors important?
6. There are a variety of types of inhibitors including: nonspecific, irreversible, reversible competitive and noncompetitive. Define each type of enzyme inhibition, comparing similarities
and differences.
7. “Drugs are enzyme inhibitors”. Explain with examples.
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C.12

Determination of peptide primary structure using mass spectrometry-based
sequencing

Learning objectives
● Understand the experimental steps involved in performing a tandem mass spectrometry
experiment
● Identify the amino acid constituents for specific b/y fragment ions for a given peptide
● Identify limitations of mass spectrometry-based methods for sequencing due to ambiguity
introduced by isomeric amino acids
● Compare experimental and theoretical fragmentation spectra to identify an unknown peptide’s
primary sequence
Introduction
Mass spectrometry is a tool for weighing individual molecules by measuring the mass-tocharge ratio of ions. In order to detect an analyte by mass spectrometry, the analyte must be
charged. This allows the trajectories of the analyte through the instrument to be manipulated by
electromagnetic fields. To produce charged gas-phase analyte species, various ionization
sources can be used. Electron ionization (EI) is common for small organic species but does not
work well for larger biomolecules. Two common ion sources for biomolecule analysis are
electrospray ionization (ESI) and matrix-assisted laser desorption ionization (MALDI). The
instrument we will be using in this activity is equipped with an ESI source. ESI generates small
droplets containing the analyte and excess charge (here, protons, H+). As the solvent of the
droplets evaporate, the analyte ions (M) complex with one or more protons (H+) to form
protonated species, written as [M + H]+. Typically, analyte ions are fully dissolved by the time
they reach the mass analyzer.
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In addition to the ionization source, a mass spectrometer has, at the least, a mass
analyzer, a detector, and a data processing system. The mass analyzer and detector are held under
high vacuum to minimize unwanted collisions with background gas and to improve performance.
Beyond this simple minimum configuration mass spectrometers can have many other
components, including additional mass analysis stages and collision/reaction cells. A diagram of
a mass spectrometer is given in Figure C.10. In parentheses, the specific type of the component
used herein is given.

Figure C.10 Simple block configuration of a mass spectrometer capable of MS/MS
experiments.

In this lab, the goal is to measure the mass-to-charge ratio and fragmentation pattern of
two protonated peptides of unknown identity to determine the primary structure of each peptide
using ESI-MS combined with collision-induced dissociation (CID). The unknown peptides are
sections of the Amyloid-β peptide and sequence permutations thereof. Amyloid-β is a protein of
special interest in biology and medicine due to its role in Alzheimer’s disease. Specifically, in
the Alzheimer’s brain, certain forms of amyloid proteins are overly represented, clump together,
and form plaques between neurons, disrupting normal cell function and communication.
Research into exactly how, when, and why this plaque formation occurs is ongoing. Thus, this
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protein class is the focus of many studies, including ones that rely on mass spectrometry
technologies.
During fragmentation, peptides typically produce fragment ions arising from
dissociation of the backbone bonds—releasing sequential amino acid residues, by consequence.
These products of fragmentation are labeled using nomenclature illustrated in Figure C.11. For
cleavage of the amide bond, which is the most common for dissociation arising from collisions, b
and y ions are formed. These fragments are called b-ions if the N-terminal fragment remains
charged and are called y-ions if the C-terminal fragment maintains the excess charge. The
portion that does not maintain the charge is known as the neutral loss. The subscript is indicative
of the number of residues contained in the fragment.

Figure C.11 Depiction of the common backbone fragment ions possible for a peptide ion, along
with the accepted nomenclature.

This regular, predictable type of fragmentation allows us to gain sequence
information about a peptide in a method called “ladder sequencing”. The space between each
fragment ion in a series (e.g., the b-ion series) corresponds to the amino acid residue in that
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position of the peptide’s primary structure. The appearance of multiple series, e.g., b-ion and yion series, further corroborates any assignments made and make the findings more robust. In
principle, ladder sequencing can allow for the determination of an unknown peptide’s primary
structure without any additional prior knowledge. A hypothetical example of this is shown in
Figure C.12.

Figure C.12 Hypothetical fragmentation spectrum of a peptide AHSWV.
Note that the b-ion series provides confirmation of the assignments made based on the y-ion
series. Also note the presence of a water loss ion, which is typical of peptide fragmentation.

In addition to the fragmentation pattern allowing for the peptide’s primary sequence to be
“read” off, the predictable nature of the fragmentation pathways also allows the reverse to occur.
In other words, given a peptide sequence it is straightforward to predict the expected fragment ions
that will be produced. While this can be done by hand for smaller peptides, it would become quite
tedious for larger sequences. Thus, there are computer programs available to predict theoretical
mass spectra. We will use one such program, called protein prospector. The protein prospector
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website contains many proteomics tools. We will be using MS-product which allows us to predict
the monoisotopic mass of a protonated peptide and the dissociation pattern of the peptide.
Instructions to use protein prospector’s MS-product tool
1. Open protein prospector website. Link: http://prospector.ucsf.edu/prospector/mshome.htm
2. Select the MS-Product tool (Figure C.13)

Figure C.13 Landing page for protein prospector. 1
This page shows the plethora of tools available from this website. MS-Product, the tool we will
be using is circled in red.

3. Type the peptide sequence(s) in the box for which you expect to determine mass-to-charge
ratio or the fragmentation patterns (Figure C.14).
Important:
•

Use the single-letter codes of amino acids

•

Enter your peptide sequence in the correct direction
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•

Enter the codes in all capital letters. (Some lower-case letters have alternative
meanings e.g., y= phosphotyrosine, not tyrosine), so care here is a must!

4. Click “Induce fragmentation” (Figure C.14).

Figure C.14 User interface for MS-product. 1
This page allows the user to select amongst many potential options.

5. Once you have induced fragmentation, you will obtain a result similar to that shown in
Figure C.15. This page also gives you information on the mass-to-charge ratio of the
protonated peptide.
Important:
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•

Note the monoisotopic (mono) mass of the ion, not the average molecular weight. This is
because high-resolution mass spectrometers are so good at separating masses that they
measure each isotope separately.

•

This page also allows to see the theoretical sequence ions in several different formats.
The most informative ions, the b- and y-ion series, are illustrated alongside your peptide
sequence (boxed and labeled as B and C in Figure C.15).

•

For additional theoretical fragment ions to be shown, you can click the “theoretical peak
table” expansion option ([+]).

6. Use these peak tables to predict the fragmentation spectrum of a known peptide sequence or
to compare candidate sequences to a spectrum obtained for an unknown peptide.

Figure C.15 Output for inducing fragmentation of a peptide in MS-Product.1
There is a lot of useful information available on this page. The most important are highlighted
here: (A) the monoisotopic mass of the protonated peptide of your entered sequence, (B) the
sequence of b-ion masses, and (C) the sequence of y-ion masses. Near the bottom of this page is
a “theoretical peak table” option, which provides the theoretical m/z of less common fragment
ions.
Figures taken from

1. ProteinProspector http://prospector.ucsf.edu/prospector/mshome.htm
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Pre-lab questions
1. Describe briefly how substances are identified by mass spectrometry?
Note: Use Protein Prospector website to predict the mass-to-charge ratio and theoretical
fragmentation pattern for each of the given peptides to answer the prelab questions 2 and 3.
2. Fill the Table C.3 with the monoisotopic mass of each protonated peptide.

Table C.3

The possible peptides that you may encounter in this laboratory activity.
Peptide Sequence
MILGI
LGIRR
AIGLM
IIGLM
ALGLM

Mass-to-charge ratio (m/z)

3. List the predicted b/y fragment ions for each of the peptides given in Table C.3.
4. Determine the monoisotopic mass for each amino acid given here: I, L, W, Y, S. (HINT: you
can plug individual amino acids into prospector or calculate the monoisotopic mass by hand.)
a. Can you distinguish all five based solely on their mass-to-charge ratio?
b. If there are ones that are indistinguishable, explain why.
c. How might this affect your ladder sequencing results?
Materials and reagents
•

5 µM peptide solutions (sample A and B)

•

Wash solution ((methanol/ acetic acid/ water)

•

HRMS mass spectrometer
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Procedure
1. Infuse one of the unknown peptides at a flow rate appropriate for the instrument (~5 L/min
was used here). Determine the mass-to-charge ratio (m/z) of the protonated peptide. This
should typically be the most intense peak for a pure sample.
2. Using the instrument control software, isolate the peak corresponding to the protonated
peptide.
3. Once it is confirmed that the selected peak has been successfully isolated, set up the
collision-induced dissociation experiment using the instrument control software. The
isolation width should be set such that no interferents are included (1-3 amu width is typical,
with 3 amu width accounting for the presence of isotopic peaks) and the collision energy set
such that sufficient fragmentation is obtained (e.g., ~60% depletion of the precursor ion).
4. Record the resulting CID-MS spectrum and plot the spectrum using the instrument’s data
analysis software.
5. Print the acquired spectra and label the b/y ion peaks with the help of protein prospector.
6. Wash the transfer line completely and follow the same steps for the next unknown. NOTE:
Due to the isomeric nature of the unknown peptides, it is crucial that the transfer line is
washed completely and that no remnants of the previous unknown remains, as they will have
the same mass-to-charge ratio and undergo CID under the same mass isolation conditions.
Data sheet: Determination of peptide primary structure using mass spectrometry-based
sequencing
1. Identify the peptide A and B comparing the information obtained from protein prospector
website with your experimental results.
a. Which of the peptides in Table C.3 could you rule out based on mass-to-charge ratio?
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b. Which of the peptides in Table C.3 could only be ruled out based on ladder sequencing?
2. Label each peak in your spectrum with the appropriate fragment it represents (e.g., b4, a9,
etc.).
3. Draw the peptide and draw the dashed lines representing each fragmentation and label with
the fragment names (similar to Figure C.11, but with your peptide shown and only the
cleavages that you observe experimentally labeled).
4. Revisiting question 3 of your pre-lab, can you be absolutely certain of your peptide
sequence?
5. What are the steps of an MS/MS experiment?
6. BONUS: The mechanism for b-ion generation is now accepted to typically be due to
nucleophilic attack (see illustration) to form a five-membered ring, called an oxazolone ring.
Using this mechanism, rationalize why b1 ions are not typically observed.

Figure C.16

A peptide sequence to rationalize why b1 ions are not typically observed.
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SUPPORTING INFORMATION: HANDS-ON ELECTROSPRAY IONIZATION-MASS
SPECTROMETRY FOR UNDERGRADUATE BIOCHEMISTRY STUDENTS:
PEPTIDE IDENTIFICATION BY LADDER SEQUENCING
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D.1

Student laboratory experiment guide
See the Section C.12 in Appendix C.

D.2

Pre-laboratory and post-laboratory questions
See the Section C.12 in Appendix C.
Instructor’s key

D.3
D.3.1

Pre-lab questions

1. Describe briefly how substances are identified by mass spectrometry.
Substances can be identified using MS based on their mass (or, more specifically
mass-to-charge ratio) and based on their fragmentation pattern upon CID.
Note: Use the Protein Prospector website to predict the mass-to-charge ratio and
theoretical fragmentation pattern for each of the given peptides to answer the prelab
questions 2 and 3.
2. Fill in Table D.1 with the monoisotopic mass of each protonated peptide.
Table D.1

The possible peptides that you may encounter in this laboratory activity.
Peptide Sequence
MILGI
LGIRR
AIGLM
IIGLM
ALGLM

Mass-to-charge ratio (m/z)
546.3320
614.4097
504.2850
546.3320
504.2850

3. List the predicted b/y fragment ions for each of the peptides given in Table D.1.
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MILGI
B
--245.1318
358.2159
415.2374
----

1M5
2I4
3L3
4G2
5I1

y
--415.2915
302.2074
189.1234
132.1019

LGIRR
B
--171.1128
284.1969
440.2980
---

1L5
2G4
3I3
4R2
5R1

y
--501.3256
444.3041
331.2201
175.1190

AIGLM
B
--185.1285
242.1499
355.2340
---

1M5
2I4
3L3
4G2
5I1

y
--433.2479
320.1639
263.1424
150.0583

IIGLM
B
--227.1754
284.1969
397.2809
---

1I5
2I4
3G3
4L2
5M1
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y
--433.2479
320.1639
263.1424
150.0583

ALGLM
B
--185.1285
242.1499
355.2340
---

1M5
2I4
3L3
4G2
5I1

y
--433.2479
320.1639
263.1424
150.0583

4. Determine the monoisotopic mass for each amino acid given here: I, L, W, Y, S.
(Hint: you can plug individual amino acids into Prospector or calculate the
monoisotopic mass by hand.)
I: 132.1019
L: 132.1019
W: 205.0972
Y: 182.0812
S: 106.0499
a. Can you distinguish all five amino acids based solely on their mass-to-charge
ratio?
No, leucine (L) and isoleucine (I) have the same mass.
b. If there are amino acids that are indistinguishable, explain why.
Leucine and isoleucine are isomers. This means they have the same elemental
composition and monoisotopic masses.
c. How might this affect your ladder sequencing results?
There is some ambiguity in assignments of isoleucine and leucine strictly from
ladder sequencing.
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D.3.2

Post-lab questions:

1. Identify the peptide A and B comparing the information obtained from Protein
Prospector website with your experimental results.
Either IIGLM or MILGI
a. Which of the peptides in Table D.1 could you rule out based on mass-to-charge
ratio?
LGIRR
AIGLM
ALGLM
b. Which of the peptides in Table D.1 could only be ruled out based on ladder
sequencing?
IIGLM or MILGI
2. Label each peak in your spectrum with the appropriate fragment it represents (e.g., b4,
a9, etc.).

Figure D.1

Spectrum of IIGLM
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Figure D.2

Spectrum of MILGI

3. Draw the peptide and draw the dashed lines representing each fragmentation and label
with the fragment names (similar to Figure C.12 in Appendix C), but with your
peptide shown and only the cleavages that you observe experimentally labeled).

Figure D.3

Two peptide sequences showing fragmentation patterns

4. Revisiting question 3 of your pre-lab, can you be absolutely certain of your peptide
sequence?
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Given the table of possibilities, yes. However, without the table, we could not rule
out leucine/isoleucine substitutions (e.g., MLLGL or LLGIM) because those two
amino acids are isomers.

5. What are the steps of an MS/MS experiment?
i.

Isolation of the precursor ion

ii.

Energetic collisions of the precursor ion with a background gas to induce
fragmentation

iii.

Analysis of the remaining precursor ion and resulting fragment ions

6. BONUS: The mechanism for b-ion generation is now accepted to typically be due to
nucleophilic attack (see illustration) to form a five-membered ring, called an
oxazolone ring. Using this mechanism, rationalize why b1 ions are not typically
observed.

Figure D.4

A peptide sequence to rationalize why b1 ions are not typically observed.

For the case of the N-terminal amino acid residue, there is no carbonyl further to
toward the N-terminus to initiate the attack that would form the oxazolone ring.
Hence b1 ions are not typically formed or observed.
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D.4

Instructor’s notes
This laboratory experiment is designed for third-year chemistry major

undergraduate students where a group of 2 or 3 students can work together. Prior to
analysis of tandem mass spectrometry data by students, they should learn how to use the
Protein Prospector tool to predict monoisotopic mass-to-charge ratios and fragmentation
patterns, as well as have a general understanding of electrospray ionization, tandem mass
spectrometry, peptide primary structure, and ladder sequencing (as provided in the
student’s laboratory guide). This enables students to answer the pre- and post-lab
questions. Other peptide isomers can be selected for laboratory experiment provided they
ionize well and generate good and reproducible sequence coverage. In cases where access
to instruments capable of ESI-CID-MS are unavailable, the essence of the laboratory can
be maintained by providing students with unlabeled CID-MS data and asking them to
identify the peptide sequence using Protein Prospector. However, in cases where access
to such an instrument is possible, the additional hands-on experience with a researchgrade instrument is desirable.
Instructor should prepare ~ 1mL of peptide solution for each group of students
(see section D.4.1 in the Appendix D). For safety and good chemical hygiene, students
should avoid contact with solvents and analyte solutions. Students should also be
instructed to wear appropriate personal protective equipment, including safety goggles,
lab coat, and gloves, and be instructed to exercise care when handling the syringe/needle
used to introduce analyte solution into the instrument. The liquid waste generated should
be disposed of appropriately in a hazardous organic waste container. Before the start of
the experiment, the instructor should make sure that the mass spectrometer is clean and
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calibrated. Students should wash the syringe and injection line before and after each
sample injection.
D.4.1

Notes for stockroom preparation

Timeline
An estimate of time required for each step of experiment is given below.
Activity

Time (min)

Sample preparation

25

Pre-lab lecture

15

Injection of sample into MS

30

Washing the instrument

variable

Chemicals
Chemicals

CAS No

Manufacturer

HPLC grade methanol

67-56-1

Fischer, Waltham, MA

HPLC grade water

7732-18-5

Fischer, Waltham, MA

Glacial Acetic Acid

64-19-7

Fischer, Waltham, MA

IIGLM peptide

n/a

Bachem, Torrance, CA

MILGI peptide

n/a

Genscript, Piscataway, NJ

Preparation of solutions
Preparation of IIGLM solution
A ~1 mM stock solution of IIGLM should be prepared in a 1:1 mixture of
methanol and water. For instance, 5 mg of IIGLM would be dissolved in ~6 mL of
solution. Prior to analysis by mass spectrometry, the stock solution should be diluted to
the appropriate concentration for the sensitivity range of the instrument to be used (~5
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M for the instrument used herein) and 0.5% acetic acid by volume should be added to
aid in protonation.
Preparation of MILGI solution
Sample preparation for MILGI can be completed similarly to that of IIGLM.
Specifically, here we prepared a ~0.5 mM stock solution by dissolving 4.6 mg of the
peptide in 15mL of 1:1 HPLC grade methanol and water. The stock solution was then
diluted to make a ~5 M acidified solution.
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